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ABSTRACT 

In the development of Drosophila me/anogaster, the imaginal disc cells which give 
rise to the adult exoskeleton must make developmental commitments by a process 
known as “determination”. It has been suggested that determination is encoded 
combinatorially by the states of a series of genetic loci called "selector genes’ of which 
each is switched on or off in a given cell lineage in a manner dependent upon position in 
the embryo or disc at a unique stage in development. Such systems are thought to 
underlie the phenomenon of progressive compartmenialization as detected by clonal 
analysis. Somatic clones induced as early as the cellular blastoderm stage already define 
homologous anterior and posterior compartments in the thoracic discs. The phenotypes 
of bithorax and postb/thorax mutants suggest that these loci are somehow involved in 
anterior and posterior compartment specific patterns of determination in the metathorax. 
Hence, according to the selector gene model, the heritability of the determined state in 
this segment might require the heritable activation of these loci at blastoderm stage. 
Compartmental commitments are apparently lost when disc fragments duplicate or 
regenerate. To test for heritability of the metathoracic determined states under these 
circumstances pattern duplications were induced in b/thorax or 
postbithorax-—transformed third leg discs and in wild-type controls using a 
temperature-sensitive cell lethal system. In 4/thorax duplicated legs, transformation of 
the entire duplicate was sometimes observed. Cell lineage analysis of these duplicates 
demonstrated that anterior b/thorax—transformed cells could contribute to both 
mesothoracic and metathoracic posterior duplicate compartments. The results suggest 
that: (1) b/thorex* is required in the establishment of the posterior metathoracic state in 
the duplicate by activation of postb/thorax’; (2) cells, regardless of their compartmental 
origin, make a co-ordinated determinative decision in the duplication blastema which ts 
influenced by the allelic state of b/thorax locus, in interaction with the positional 
information system in the blastema; (3) The determinative distinction between mesothorax 
and metathorax is encoded by the b/thorax locus itself rather than by a separate locus as 


would be the case according to a combinatorial binary switch model. 
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|. INTRODUCTION 

The Drosoph//a adult integument is formed from nests of cells known as the 
imaginal discs and abdominal histoblasts. Each imaginal disc gives rise at metamorphosis 
to a particular part of the cuticular surface which contains cuticular elements such as 
bristles, hairs and sensilla in an highly ordered spatial arrangement. These discs are first 
histologially evident as invaginations in the epithelium of the late embryo (Lauge, 1967) or 
early larva (Auerbach, 1936). They each develop as a single layer of cells attached to the 
larval body wall by a stalk and have no apparent function throughout larval development 
(Shearn, Rice, Garen and Gehring, 197 1). 

The number of progenitor cells that form an imaginal disc is small. Using 
gynandromorph analysis, the number of progenitor cells giving rise to an imaginal disc has 
been estimated as the reciprocal of the smallest fraction of genetically labelled XO (male) 
or XX (female) mosaic tissue marking a structure (Patterson and Stone, 1938; Stern, 
1968; see Hall, Gelbart and Kankel, 1976, and Janning, 1978 for review). The estimation 
for various discs ranges from 2-40 cells (Nothiger, 1972; Madhaven and Schneiderman, 
1977 for review). Direct cell counts using a histological approach on newly hatched 
larvae (Madhaven and Schneiderman, 1977) yield approximately the same range of 
numbers of progenitor cells for different discs. 

As estimated from the frequency and size of x-ray induced somatic cross-over 
clones, the first detectable increase in cell number for different imaginal discs appears to 
take place towards the end of the first instar. The disc cells then continue to divide 
exponentially during the remainder of larval life. At pupariation, each imaginal disc 
evaginates and secretes first pupal and then adult cuticle. 

Since each kind of disc has its own characteristic shape, size and morphology and 
adult fate, each must have acquired a different set of developmental instructions during 
development. We can conceive of two important steps in the development of an imaginal 
disc. These are "determination” and “differentiation”. The term determination has been 
defined as "a process which initiates a specific pathway of development by singling it out 
from among various possibilities for which a cellular system is competent’ (Hadorn, 
1965). In other words, it is a developmental commitment made by a cellular system to 


follow a particular developmental pathway. It has been found however that the 
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commitments made by the disc cells may either be heritable or non-heritable. For 
instance, the decision to be a particular disc is heritable but the decision to form a certain 
part of a disc such as a particular bristle is non-heritable. So that the term determination 
may be reserved for the heritable commitment, Bryant (1974) coined the term 
“specification” to refer to the process that gives rise to the spatial pattern within an 
imaginal disc. Let us first consider the origin and nature of heritable determinative 
commitments. 

One way to assess the determinative status of an imaginal disc at a particular time 
is to look at the structures differentiated by isolated fragments cultured until 
metamorphosis in an abnormal location in a host. The ideal assay would be to take single 
genetically marked donor cells (imaginal or embryonic) and transplant them to different 
locations in a wild-type host where they would be allowed to proliferate until 
metamorphosis. If the outcome at a different location were always as expected for the 
normal position, one could conclude that the donor celis were already heritably 
determined at the time of transplantation. However, if a different result were obtained, 
one could not then conclude that the cells were not committed at the time of 
implantation, as a new determined status might have been imposed as a result of the new 
surroundings. One could only conclude that any earlier commitments were non-heritable 
under these conditions. 

Since it is rather difficult to manipulate and culture single cells in this way, larger 
fragments have generally been used in experiments described to date to test for 
determination. Another way of assessing determination which overcomes this technical 
problem is to label single cells genetically at known stages of development using the 
somatic recombination technique (Stern, 1936, 1968; Becker, 1957) and to look for 
clonal restrictions in developmental potential at metamorphosis. The rationale is that if a 
particular labelied cell were committed to form a particular structure at the time of 
labelling, all its progeny would be confined to that structure at metamorphosis. If the cell 
were not so determined, one might be able to find some of its descendants marking 
other structures also. 

Using techniques of these kinds, it has been found that the determination 


processes of imaginal disc cells occur in a stepwise fashion. Chan and Gehring (197 1) 
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dissociated anterior or posterior halves of genetically marked embryos at the blastoderm 
stage into single cells and then mixed them with cells from wild-type whole embryos. 
After reaggregation, the cell mixtures were cultured in fertilized adult female abdomens 
where the cells proliferate. They then recovered the implants and transplanted them into 
late third instar larvae where they metamorphosed with the hosts. It was observed that 
the anterior and posterior cellular blastoderm cells were already committed to 
differentiate either anterior or posterior structures. Their results do not tell us however 
that the imaginal discs are already separately determined at this stage. Illmensee (1976) 
transplanted single genetically marked cells from blastoderm stage into hosts of the same 
age. He found that at metamorphosis, the kind of imaginal disc structures formed were 
dependent upon the location of origin of the donor cells regardless of the location in the 
hosts where the cells were transplanted. The results are therefore in agreement with the 
idea that cellular blastoderm cells are already determined to form specific discs. 

With the somatic recombination technique, it is possible to produce a genetically 
marked homozygous clone of cells in an otherwise heterozygous individual at any stage 
of development. Using this technique, a number of people have shown that clones 
induced as early as the cellular blastoderm stage are already confined to a single thoracic 
segment. However, these clones can still extend from the dorsal! disc into the ventral disc 
in the same segment. Also left-right overlaps of clones within a segment can be found at 
this stage (Steiner, 1976; Wieschaus and Gehring, 1976). These results suggest that at 
cellular blastoderm stage, the cells are already determined to form different segments 
but not individual discs. The dorsal-ventral segregation occurs only one or two cell 
divisions later. 

Using mechanical extirpation techniques such as micro—beam irradiation 
(Lohs-Schardin, Sander, Cremer, Cremer and Zorn, 1979; Sander, Lohs~Schardin, 
Nusslein-Volhard and Cremer, 1980) or pricking (Bownes and Sang, 1974; Mertens, 
1977), it was shown that at cellular blastoderm stage the defects observed in the adult 
could be correlated with the segmental location of the injury induced on the embryo but 
not with dorso-ventral location within a segment until after gastrulation. These results are 
also consistent with the previous conclusion that cells are already restricted or 


determined to form a certain part of the adult structures at cellular blastoderm stage. 
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They also suggest that cells acquire their final states of determination progressively in a 
stepwise manner. 

Although apparently heritable via mitosis, these progressive restrictions in 
developmental capacity probably do not represent a loss or permanent inactivation of 
different genetic elements in the determined cell. Nuclear transplantation experiments 
have been used to show that some nuclei obtained from nuclear multiplication, syncytial 
blastoderm or even gastrulation stages of embryonic development, when implanted into a 
fertilized or unfertilized egg are able to support the entire development of the egg and to 
contribute to the development of any adult body part (lllmensee, 1968, 1970, 1972, 
1973; Okada, Kleinman and Schneiderman, 1974). These results not only demonstrate the 
reversibility of the restrictions imposed on the nuclei during different stages of 
development, they also demonstrate that the kind of determination acquired is dependent 
on the position in the egg at which the nuclei were implanted. 

The idea of progressive stepwise determination is also encountered in the 
phenomenon known as compartmentalization. Using the somatic recombination technique, 
it has been shown that the number of structures a clone can form in a disc becomes 
more and more restricted as development proceeds (Becker, 1957; Bryant, 1970; 
Garcia—Bellido and Merriam, 1971; Garcia—Bellido, Ripoll and Morata, 1973). However, 
this restriction may be attributed to the smaller size of clones induced later in 
development. Such problems have been overcome by using the ” M/nute-technique” 
(Kaplan, 1953; Morata and Ripoll, 1975). W/nutes are a class of dominant mutants causing 
smail bristles, which are also recessive lethals (Lindsley and Grell, 1968). One can use 
mitotic recombination to induce genetically labelled W//nute* homozygous clones in a 
Minute heterozygous background at different stages of development. As cells 
heterozygous for M/nute have slower division rates, these marked M/nute* clones tend 
to label much larger areas on the adult cuticle than clones produced at the same larval 
stage in non-M/nute individuals. It was observed in the wing disc that clones induced as 
early as cellular blastoderm stage, would already define an anterior—posterior boundary. 
They would run along the restriction line for hundreds of cells without crossing it 
(Garcia—Bellido, Ripoll and Morata, 1973, 1976). Garcia—Bellido coined the term 


“compartment” to define such a region of apparent developmental restriction on the adult 


fe ac ng on ae Whey: mit 
; | 


: ; Be tek EAT ry tae Tie wae Oe, an, Si 


Sai bey : i ¥ Toa Fe A > Sa 5, ees OF ween ty - 
i 
4 be bets | : 
' i wa 
i : i 
pel eezearulicet Lt Deena Bae 
7 ie i 
. ~~ Ff ‘ a fat ey {= 
i AvEN . Ne 


- : ‘ 
: 7 “ay } ’ ‘ \ 
| : ? i 
— Ween oy "whe A 
: 1 
| 4 
‘ ’ 
a 1 
a afl 
v 24, vA ’ oi 
} ‘ by 
; , A ; op Bs Es aoe ay 
- a 
i 
oie esl ’ ' aL 
( i { 
; i { 4 | » ; as j 
uy ia jal 7 j ry ’ 
Fj | en Fay ) ' 
- 
‘= pretve wy ac Pisa) 604 KA rt ve v , ii fea 
vs , Ke o™ 4 ed (? 
j 
Dib "ov 1 ; Pw, (his ‘ 


ae Ta 1 Nigey ‘ih, sie ad DivSns | : eke Taal re nd ; wt ‘agus 


’ i P< us h 
mes dle A ue ‘ mean a ' ei i ne 
j i) by = he is aan ¥ Tr ars Prt : qi ee) "i » fei ees a 


7 iw: * . 7 5 my; 
Toi Ae Ma site) 1h / ee vate i 

ne sa at oy 

ae . i a 


Ng 


eS ie 


Ac 


obs wey os 6 fi 1 aie aoe a 


- 
iy & 


werner “a. : 


exoskeleton. At a later time, as the wing disc grew, a wing-notum restriction was 
established subdividing the existing anterior and posterior compartments to form four 
compartments in which no clone could transgress either anterior—posterior or 
wing-notum restriction lines. At about the same time as wing-notum compartments were 
formed, a dorsal—ventral restriction also appeared giving a total of eight compartments. 
Other compartments in the wing were also observed at later times in development. 
Compartmentalization processes seem to be a generalized phenomenon in Drosophi/a 
imaginal disc development. Apart from the wing disc, compartments have also been 
found in all three thoracic leg discs (Steiner, 1976), eye-antennal disc (Baker, 1978) and 
labial disc (Struhl, 1977). It has been suggested that compartmentalization events may 
represent progressive heritable determinative restrictions allowing sub-division of larger 
developmental units into smaller ones perhaps to mediate control and regulation of gene 
activity in pattern formation (Crick and Lawrence, 1975). 

A compartment is derived from a group of founder cells which are not 
necessarily clonally related, because clones induced prior to the establishment of 
compartments never fill the entire compartment without also labelling other 
compartments. Therefore, each compartment is referred to as being “polyclonal” in origin 
(Crick and Lawrence, 1975). One interesting aspect of compartment formation is that 
each compartment is derived from one existing earlier through a subdivision into two 
new polyclones (Garcia—Bellido, Ripoll and Morata, 1973, 1976). For instance, the 
anterior wing polyclone is subsequently split into two clonally distinct groups of cells, 
one dorsal and the other ventral. Garcia—Bellido proposed that whenever a group of cells 
is subdivided into two distinct compartments, a regulatory gene known as the "selector 
gene” is heritably activated in one compartment, but remains switched off in the other, 
and controls the developmental distinction between them (Garcia—Bellido, 1975a). 
Depending on the number of compartmentalization events for the disc concerned, the 
final result would be that each compartment is under the control of a combination of 
selector genes active within it (see Figure 1). A combinatorial scheme of this kind would 
be a very economical way to build a genetic program controlling development, as only n 


selector genes would be required for 2expi(n) distinct compartments. 
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Figure 1. A hypothetical scheme involving the "selector 
gene model" for compartmentalization of the wing 
disc (After Garcia-Bellido, 1975). A, B and C are 
hypothetical selector genes. 
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On the basis of the properties of late larval lethal mutations affecting imaginal 
disc development and "transdetermination” patterns, Kauffman (1973, 1975) has 
proposed a "binary switch epigenetic code” similar to the selector gene model to account 
for the determinative state of each imaginal disc. Shearn et a/ (Shearn, Rice, Garen and 
Gehring, 1971) had isolated 34 late larval lethals that affect disc development. These 
lethals can be organized into 13 classes on the basis of the subset of discs affected. In 8 
of the 13 classes, complementary pairs of discs are affected. Kauffman interpreted 
these observations as an indication that the determinative distinctions between discs are 
based on a combination of alternative states of a series of bistable genetic circuits, 
perhaps similar to the system controlling maintenance of the immune or lytic states in 
bacteriophage /ambda. Interestingly, when the boundary lines between the subsets of 
discs affected in the four complementary classes of mutants were transposed onto the 
embryonic fate map (Garcia—Bellido and Merriam, 1969), the geometry of the lines 
formed a surprisingly simple pattern (see Figure 2). This provided some support for the 
model as it suggested that activation of the different controlling genes might be based on 
position in the embryonic system. 

A further indication that determinative decisions are made between two 
alternative states came from analysis of the phenomenon known as transdetermination 
(Hadorn, 1965). Imaginal discs can be propagated for many years by serial transplantation 
and culture in the abdomens of a series of fertilized adult female hosts where they 
proliferate without differentiation. These implants can be recovered for assessment of 
their determined states by transplanting them into late third instar larvae where they 
metamorphose with the hosts. Hadorn and co-workers observed that the determined 
state of a disc is very stable even after many generations of fragmentation and culturing. 
However, occasionally the determined state of some cells may be changed to a different 
state after culturing. The new determined state is also normally very stable and heritable 
but may also change to another different state after subsequent culturing. Such a change, 
for instance from "legness’ to "wingness”, is known as transdetermination and apparently 
occurs only if cell proliferation is permitted (Schubiger, 1973). Cell lineage analysis using 
the somatic recombination technique has demonstrated that transdetermination is not due 


to a somatic mutational event as groups of cells which do not belong to a single clone 
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Figure 2. The four boundaries dividing sets of discs 
affected by disc-defective lethal mutations 
transposed onto the fate map of the egg showing 
the relative geometric positions of various disc 
primordia. W = wing, M = mesothorax, H = haltere, 
L1 = first leg, L2 = second leg, L3 = third leg 
(Prom. Kauf fmaneunt 97:3 0b9.7 Sic 
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may transdetermine together. (For a review of transdetermination see Hadorn, 1978.) 

Transdetermination patterns exhibit three special properties. Firstly, 
transdetermination occurs one step at a time and often in specific sequences for a 
particular disc. For instance, genital disc transdetermines first to leg which may then 
transdetermine to wing which may transdetermine further to mesothorax. Secondly, the 
direction of transdetermination in all such sequences is oriented towards mesothorax. 
Thirdly, most steps are reversible. Therefore, the number of steps required to eventually 
transdetermine to mesothorax is state characteristic. For example, it takes three and two 
steps respectively for genital and prothoracic leg discs to reach mesothorax. The 
forward transdetermination step towards mesothorax is more probable than the reverse. 
These results also suggested to Kauffman that the determined state of an imaginal disc is 
encoded combinatorially by the states of a number of "bistable memory circuits” in which 
each circuit is set at either a less stable (0) or more stable stationary state (1). Assuming a 
minimum of four circuits (capable of specifying 24=16 different determined states) 
Kauffman was able to assign code words for the various discs, which would account not 
only for Shearn’s lethais, but also imaginal disc transdetermination sequences and 
frequencies. 

Both the selector gene and the binary switch epigenetic code models therefore 
suggest that imaginal disc determination occurs by a series of bifurcations of 
developmental pathways with the activation of a controlling gene to distinguish the two 
states generated at each step. Consistent with these ideas, there exist a number of gene 
loci known as the homeotics which, when mutant, cause the replacement of one body 
structure by a different one which is normally found somewhere else (Ouweneel, 1976, 
for review). Some such loci may be selector genes. The transformations caused by 
homeotic mutants may be interdisc or intra-disc and may involve a whole disc, more than 
one disc, or only a part of it, such as a compartment. For instance, some Antennaped/a 
(Antp/ mutants can transform the entire antenna into a second leg; engrai/ed (en) 
transforms posterior wing into a mirror image copy of the anterior wing while 6/thorax 
(bx) and postbithorax {pbx} cause replacement of anterior and posterior haltere by 
anterior and posterior wing respectively (see Lindsley and Grell, 1968, for more details 


of mutants). Interestingly, the transformations caused by 6x, pbx and en correspond well 
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to the compartments as defined by clonal analyses. 

Further evidence which suggests that these three homeotics may be important 
controlling genetic factors for compartments also comes from clonal! analyses. 
Homozygous 6x and pbx clones induced at any time from the blastoderm stage until late 
third larval instar differentiate autonomously only in the anterior and the posterior 
compartments of the haltere respectively (Morata and Garcia—Bellido, 1976). In addition, 
clonal analysis of the bx pbx double mutants indicates that the number of progenitor cells 
as well as the clonal parameters of development in the transformed hailtere disc are 
similar to those of the wild-type wing disc. Hence bx* and pbx* must function from the 
time these compartments are set aside, until the time they start to differentiate, to 
prevent their transformation into the corresponding mesothoracic compartments. Thus 
bx* and pbx* appear to be necessary for the heritable maintenance or expression of 
these determined states. These results satisfy some of the criteria used to define a 
selector gene, that is, compartment specificity and continuous activity in the 
compartment from the time it is formed until the time it differentiates. 

In the case of en, homozygous en clones induced after the anterior—posterior 
restriction has been set up in the wild-type wing, not only differentiate autonomously in 
the posterior compartment only, they also fail to respect the anterior—posterior 
restriction line if they originate in the posterior compartment. These results suggest that 
the only difference between anterior and posterior wing compartments lies in en* being 
switched on in the posterior compartment (Morata and Lawrence, 1975; Lawrence and 
Morata, 1976). Therefore, the en locus might well be a selector gene for posterior wing. 

Clonal analysis is not however a sufficient basis for us to draw definitive 
conclusions about the normal function(s) of a wild-type gene. One also has to know the 
nature of the mutation one is dealing with. Gene dosage analysis (Muller, 1932) applied to 
a number of homeotic mutants has revealed that transformations may be the result of 
either a loss of a gene function, or of a gain of a function not normally expressed in the 
particular compartment affected (Russell and Hayes, 1980, for review). The loss of a 
gene function due to a mutation may be partial (a hypomorph) or complete (an amorph). 
Therefore, the completeness of transformation may depend on whether the mutant Is a 


hypomorph or an amorph. In the case of gain of a gene function, the mutant is termed a 
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neomorph. The effects of aneomorph can be reverted by deleting the mutant gene locus 
(Denell, 1972). Since transformations caused by homeotics may be due to various genetic 
states of a gene, it is very important to know the type of mutation we are dealing with 
before a conclusion is drawn about the normal function of the gene. 

Now let us consider non-heritable commitments of cells involved in pattern 
specification. The kind of structure formed by a cell in a disc is dependent on its location 
within the disc as well as its previous developmental history. The position specificity of 
structures differentiated by cells within discs allowed the construction of fate maps by 
observing the patterns differentiated by particular mature disc fragments implanted into 
late third instar larvae for immediate metamorphosis (Schubiger, 1968; Ouweneel!l and van 
der Meer, 1973; Bryant, 1975; Gehring and Nothiger, 1973, for review). At this stage, 
the specification is so detailed that even a single bristle such as the "edge bristle” or the 
"hairy island bristle” in the leg can be localized to a single small region of the disc. 
However, the behavior of disc fragments can be altered if they are cultured in fertilized 
adult females for a period of time allowing cell—proliferation to occur, before inducing 
metamorphosis in late third instar larval hosts. Typically, when a disc is bisected into two 
fragments and cultured in this way, one fragment regenerates the missing part of the 
pattern which that fragment does not normally form, and the other fragment duplicates 
the fate map elements it contains in mirror image symmetry. The ability of disc fragments 
to regenerate, suggests that each imaginal disc constitutes a single developmental "field" 
within which regulation can occur to alter the fates of different constituent parts after 
surgical intervention (Weiss, 1939). 

In order for a group of genetically identical cells with the same determinative 
state to differentiate differently, forming highly ordered spatial patterns, it is thought that 
they must be able to assess and measure their positions with respect to each other and 
respond in a certain way at differentiation. This idea led to the theory of "positional 
information” which has been formulated most rigorously by Woipert (1969, 1971). He 
argued that cells may have their positions specified by the acquisition of positional 
information defining a co-ordinate system constituting a developmental field. 

In the light of extensive experimental results, French, Bryant and Bryant proposed 


an explicit positional information model known as the "Polar co-ordinate model” to 
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account for pattern regeneration and duplication in imaginal discs, cockroach legs and 
amphibian limbs (French, Bryant and Bryant, 1976; Bryant, French and Bryant, 1981). They 
suggested that cells in the two dimensional imaginal disc epithelium must be specified by 
two positional values —— a circumferential value and a radial value (see Figure 3). This 
model has gained a lot of attention as it can explain a great variety of otherwise puzzling 
results from grafting and regeneration experiments with imaginal discs and cockroach 
and amphibian legs on the basis of just two formal rules (see reference for further 
details). 

On the basis of experimental evidence, Weiss (1939) recognized that there may 
be at least two kinds of fields: primary fields such as the preblastoderm insect embryo, 
and secondary fields such as the various imaginal discs, which become independent of 
the embryonic field later in development. The experimental evidence which suggests that 
the Drosophi/a preblastoderm acts as a single primary field comes from ligation 
experiments (Schubiger, 1976; Vogel, 1977; Newman and Schubiger, 1980). When 
embryos are ligated before the blastoderm stage, larvae with several missing segments 
result. This is otherwise known as the "gap phenomenon’. The blastoderm cells that 
normaily form the missing segments instead form segments ordinarily located far from 
the site of ligation. This indicates that the pattern of segmentation of the whole embryo is 
specified as a single unit, suggesting that the embryo as a whole is a single field. The size 
of the gap decreases if the ligation is done later and later until at cellular blastoderm 
stage, the defects are limited to the site of ligation. Normal segmentation is restored if 
the barrier formed after ligation is destroyed by poking a hole in it using a glass needle 
(Schubiger, Moseley and Wood, 1977). These results have been interpreted as meaning 
that establishment of a normal segmentation pattern requires the interaction of two 
determinants, perhaps in a gradient, arising from the two ends of the embryo. Interaction 
between the parts is also a characteristic expected of a developmental field. Two 
mutants that may be involved in establishing or interpreting the anterior—posterior 
positional information in the embryo are b/cauda/ (Bull, 1966; Nusslein-Volhard, 1977 
and 1979 for review) and dicepha/ic (Lohs—Schardin and Sander, 1976). These cause 
mirror image transformation of anterior to posterior and posterior to anterior patterns 


respectively in larvae. 
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Figure 


3. 


The polar co-ordinate system for specification of 
positional information. Position of each cell is 
specified by a radial value (A-E) anda 
continuous circumferential value (12 through 0) 
where positions 12 and 0 are the same (From 
French, Bryant and Bryant, 1976). 
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The primary embryonic field may subsequently be subdivided into smaller 
secondary fields. Nusslein-Volhard and Wieschaus analyzed fifteen different embryonic 
lethals which give abnormal segmentation patterns in larvae (Nusslein-Volhard and 
Wieschaus, 1980). These lethals fall into three general classes. The first class of mutants 
have the normal number of segments but each segment is partially deleted with the 
remainder of the segment duplicated in mirror image symmetry. The second class causes 
deletions in alternating segments. The deletion patterns can be in odd or even segments 
or in parts of pairs of odd and even segments causing segment-—fusion patterns. The 
third class of mutants causes gaps as large as eight adjacent segments in the larvae and 
these phenotypes are very similar to the effect caused by ligating preblastoderm 
embryos. The phenotypes of these three classes of mutants were taken to mean that at 
least three levels of spatial organization are responsible for the segmentation process. 
These are: the whole egg as a single developmental unit; a repeating unit of two 
segments; and finally the individual segment. These developmental units may represent a 
hierarchy of developmental fields but evidence in addition to mutant phenotypes would 
be necessary to confirm this. As discussed earlier, experimental results from clonal 
restriction analysis of blastoderm cells (page 3) and from UV-laser microbeam 
extirpation experiments (page 3) both suggest that the imaginal discs are only formed at 
the partitioning of the individual segmental units. From this time until the end of larval 
development each disc behaves as an independent developmental field. The successive 
subdivision of larger embryonic fields into smaller ones may perhaps be related to the 
progressive stepwise acquisition of determined states and the combinatorial epigenetic 
code models mentioned earlier (pages 3-9). 

There are two lines of evidence suggesting that the positional systems in 
different imaginal discs may be homologous. Firstly, comparison of normal appendages 
and structures partially transformed by homeotic mutants demonstrated that a one to one 
correlation can be made between the transformed structures and location in the disc. For 
instance, in the Antennaped ia mutants, the proximal part of antenna is always 
transformed into proximal second leg while the distal antenna (the arista), is always 
transformed into distal leg (the tarsus)(Postlethwait and Schneiderman, 1971; Struhl, 


1981). Also, bx and pbx clones induced in a wild-type background differentiate only 
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proximal wing in the proximal haltere and distal wing in the distal haltere (Morata and 
Garcia-Bellido, 1976). Therefore, there may be a one to one correspondence of 
positional information in homologous regions of different discs. 

A second line of evidence for homology in positional information in different 
discs came from grafting experiments. As discussed earlier, when an imaginal disc is 
bisected and cultured, one fragment will duplicate and the other will regenerate. The 
behavior of the duplicating fragment can be modified by a process known as intercalary 
regeneration using a grafting technique (Haynie and Bryant, 1976). A number of groups 
have observed that appropriate fragments of all discs tested can provide a stimulus 
which causes a normally duplicating fragment to regenerate instead (Wilcox and Smith, 
1977; Bryant et a/, 1978). These results are also consistent with the idea that different 
discs make use of homologous positional information systems. This approach should 
allow one to define and map the homology between discs fragments with respect to 
their regulative interactions. However, at this stage, it is not entirely clear if the patterns 
of regional homology as deduced from homeotic transformations and from pattern 
regulation experiments, are always consistent (Karlsson, 1979). 

Imaginal discs are subdivided into compartments. The question arises as to 
whether each compartment of a disc may also represent a separate field. The 
observation that a disc fragment which comes entirely from within a given compartment 
can regenerate across the compartment boundary argues against the view that 
compartments are sub-fields of a disc (Schubiger, 1971; Bryant, 1975). However, 
experiments designed more specifically to test this point have not so far been reported. 
The observation that cells can regenerate or duplicate across the compartment boundary 
suggested compartmental distinctions are non-heritable and therefore might not be 
important in determinative decisions. However, the re-establishment of compartment 
boundaries during pattern regeneration and duplication (Szabad, Simpson and Nothiger, 
1979; Girton and Russell, 1981; Abbott, Karpen and Schubiger, 1981) argues against this 
conclusion. Compartmentalization seems to be a necessary event in the Initiation of a 
pathway of development, but the decisions are evidently only heritable under normal 


conditions and can be reassessed after surgical intervention. 
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Current models suggest that selector genes (possibly represented by some 
homeotics) play an important role in determination. The probable function of selector 
genes in the light of positional information theory, would be to maintain a heritable 
memory of position in a field at some earlier stage in development, so that the cells could 
appropriately interpret their positional values in one of a set of homologous fields at a 
later stage. 

A test of this hypothesis would be to look at the heritability of the determined 
state in cells transformed by selector genes. Some mutants of the b/thorax complex 
provide a good system for this approach for the following reasons. Firstly, the genetics 
of bithorax complex has been elegantly analysed by Lewis (1963, 1964, 1967, 1968, 
1978). The complex contains at least eight tightly linked loci which all map to the right 
arm of chromosome 3 at 58.8 (see Figure 4). These loci seem to be involved in the 
compartmentalization and segmentation patterns of thoracic as well as the abdominal 
segments. Two mutants, b/thorax (bx) and postbithorex (pbx), are of particular interest in 
the present context as they transform respectively the anterior and posterior metathorax 
into mesothorax. Gene dosage analysis has shown that these mutants are hypomorphs( 
Lewis, 1963, 1978). Two other dominant mutants, U/trab/thorax (Ubx) and 
Contrabithorax (Cbx} behave as an amorph and a neomorph respectively. Ubx mutants 
transform the whole metathorax to mesothorax (Lewis, 1963) and Cdx can transform 
distal parts of the wing into haltere (Lewis, 1963, 1978; Morata, 1975). Hence, these two 
mutants may represent regulatory site(s) for bx and pbx loci. Gene dosage studies with 
these two mutants are also consistent with these views. 

Since the action of bx and pbx are anterior and posterior compartment specific 
respectively, one can look at the heritability of the determined state of cells in the 
compartments transformed by these mutants when they regenerate or duplicate across 
the compartment boundary. These mutants might affect either the activation of a selector 
gene, maintenance of a determined state, interpretation of position at terminal 
differentiation, or a combination of all of these. Some of these possibilities would be 
distinguishable in pattern duplication. The experiments reported below were attempted 


with this idea in mind. 
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Figure 


as 


A genetic map of the bithorax complex. 
Ultra-abdominal (Uab), Hyper-abdominal (Hab, 
formerly Contrabithoraxoid, Cbxd), bithoraxoid 
(bxd), infra-abdominal genes (jiab-2, iab-3, 
iab-8) appear to control abdominal segment 
patterns. See text for description of other loci 


shown. Map distances given where known (Redrawn 
from Lewis, 1978). 


- _ = uo § 7 y : a it re we 1d a wih ral 
; : ' . ; i ‘ t 4 ro) : f f i 
ay ' un L | ; iy a : i i ¥; yi : y - : 


lh 
ao 
—— 
— s 


* 
t 
yj : 4 
9 
| 


putt pn 


va hice SS! Dea ets a aoe ind: 

Sa aie 

i a Baca py Lae 4 >! 

ip’ Sey! 1 hana kaye ee: ack aan Outi 

el a 2 1eeihis ra ay! 
+ 


’ ii = ; 
| set Sad Bf a bl eens Voie? G8 saottm”d* 
eee: ‘Haas leytety y sai Pe ae Ysa ,Asl: 4a 
i ; u | rd Le ft Me Ries 7 shale : 


- i i . | in a > a ne | | ; 


‘ oy. y i 


ee Ae alin a 


Il. MATERIALS AND METHODS 


Drosophila strains 

The Drosophi/a me/anogaster strains used in these studies were synthesized 
from mutants obtained from the California Institute of Technology, and Bowling Green 
Drosophila stock centers and from strains that were kept in Dr. M.A. Russell's laboratory. 


A list of the Drosoph//a strains used is given in Table 1. 


Mutations and chromosomes 

A detailed description of the majority of the mutations and special chromosomes 
can be found in Lindsley and Grell (1968). Dp/ 3: 7/imwh* was kindly supplied by Dr. John 
Merriam (Merriam, 1969). /{7/ts726 and D7S- 4 were isolated by Dr. M.A. Russell! (Russell, 
1974) and Drs. J.J. Holden and D.T. Suzuki (Holden and Suzuki, 1973), respectively. A 


brief description of the mutations and chromosomes used are listed in Tables 2 and 3. 


Culture conditions 

All Drosophi/a strains were raised on a standard yeast-agar-—sucrose culture 
medium in either half-pint glass bottles containing about 50 ml, or glass vials with about 
8 ml of medium. The medium contained 1.5 grams of agar, 10 grams of sucrose, 10 
grams of brewers yeast, 1 ml of propionic acid, and 10 micrograms of chloramphenicol 
per 100 mi of distilled water (Nash and Bell, 1968). Propionic acid and chloramphenicol! 
were added when the mixture had cooled to a temperature of about 60 degrees before 
pouring. 

The stocks were kept at room temperature (20-22degrees C) and all the 


experiments were performed in incubators at 22+ 1degrees C and 29+ degrees C. 


Mating and egg collection 

Matings were done either in the glass viais or half-pint bottles at 22+ 1degrees C. 
After two days, or when mated females began to lay a reasonable number of eggs, the 
flies were transferred to fresh bottles and eggs were collected at intervals of 12, 24, or 


120 hours depending on the nature of the experiments as described in the results. 
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Table 1. Drosophi/a me/anogaster strains 


*bx34 
FM7/Y; Sb/TM2 x C(1)RM/Y; Sb/TM2 
*Dp(3: 1)mwh-, y vf 1(1)ts726/FM7; mwh/mwh 
Dp(3:1)mwh-, y v. f* 1(1)ts726/FM7; mwh bx34/mwh bx34 
pbx/T(2:3)ap** 
sbd? bx? 
w sni1(1)ts726/FM7; mwh/mwh 
w_ sn31(1)ts726/FM7; mwh_ bx34/mwh_ bx34 
V ft Jits726/827 x cb x/B7Y 
v f WWijts726/7; (DIS—4/4M3 ix CINRM/Y; DTS-4/IM3 


y 
y, 
y v f 1(1)ts726/FM7; bx34/TM2 
y v f 1(1)ts726/FM7; pbx/TM2 
y 


v f 1(1)ts726/FM7; sbd?bx3?/TM2 


* Superscripts 34 and 36 are used throughout this thesis instead of 34e and 
36a, respectively. 
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Eggs were then left in the same bottle for further development. For short interval egg 
collection periods, the same parents were sometimes transferred to new medium several 


times. 


Induction of pattern duplications 

In order to generate pattern duplications in the metathoracic legs of the adult flies 
of different genotypes, eggs carrying /{7/ts726 in combination with other mutations as 
specified in the results section were collected in a 22+ 1degrees C incubator and the 
culture vessels with larvae of appropriate age were then transfered to 29degrees C for 


48 hours and finally returned to 22degrees C to complete development. 


Screening and preparation of pattern duplications 

Upon eclosion adult flies were screened under a dissecting microscope for 
duplicated metathoracic legs. Uneclosed pharate adults were washed off the sides of the 
culture bottles with warm water, collected using a strainer, and preserved in 70% ethanol. 
Pharate adults were then dissected out of the pupal cases and screened for duplicated 
metathoracic legs. The flies can be kept in alcohol for an indefinite period of time until 
scoring. 

In order to remove the internal soft tissues, the flies were cooked in 1N NaOH at 
about 80degrees C for about ten minutes or until clear. The legs were then dissected 
free from the rest of the fly using a pair of fine irridectomy microdissecting scissors 
and mounted between coverslips in Gurr's water mounting medium. The coverslips were 
then pressed with weights and dried on a hot plate at 45degrees C for at least 
twenty-four hours before scoring. The legs were then scored for morphological 


cuticular markers under a compound light microscope at a magnification of 400X. 


The morphological markers 

The prothoracic, mesothoracic and metathoracic legs each possess a number of 
characteristic cuticular landmarks and morphological features that are useful in 
distinguishing the three kinds of leg. Table 4 shows the location of mesothoracic and 


metathoracic markers used in this study. The nomenclature is essentially that of 
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Hannah-Alava (1958), Schubiger (1971) and Russell, Girton and Morgan (1977). Cuticular 
markers that have not previously been described are named and added to the list. 

The landmarks are further classified as either anterior compartment (A) or 
posterior compartment (P) markers. Steiner (1976) has shown clearly using clonal analysis 
the location of the anterior—posterior compartment boundary line in the three thoracic 
legs. In the present studies the mesothoracic and metathoracic legs landmarks are 
classified as anterior or posterior according to Steiner's maps. These assignments are 


shown in Table 4 and Figure 5. 


Cell lineage analysis 

Mitotic recombination normally occurs at very low frequency in the somatic cells 
of Drosophi/a. However, the frequency can be greatly enhanced by radiation. In the cell 
lineage analysis of pattern duplications Dp(3:7/mwh', y v f° /{7)ts726/FM7; mwh 
bx**/mwh bx*' virgin females were crossed to w sn? /{7/ts726/Y; mwh bx**/mwh bx* 
males. 

Larvae raised on standard medium in the half—pint botties at appropriate ages 
were irradiated in a "Gamma-cell 220" machine with a *°Co Gamma-ray source to induce 
mitotic recombination (Becker, 1957). At the time of irradiation, the Gamma-ray dose 
rate was 2.5 Kr per minute. The dosage given to the larvae was controlled by varying the 
time of exposure using the automatic timer of the machine. No attempt was made to 
correct any radiation dose absorbed by the glass. The radiation absorbed by the glass 
should not be greater than 1% (Girton, 1979). 

Immediately after irradiation, the cultures were transferred to a 29degrees C 
incubator for 48 hours and then returned to a 22degrees C incubator for completion of 
development. The heat pulse treatment was used to induce pattern duplications in the 
metathoracic legs. Females of the genotype w sn? /{7/ts726/Dp[3:7)/mwh’, y v f° 
/(1)ts726;mwh bx**/mwh bx* were collected and prepared for microscopic examination 
as described above. 

As shown in Figure 6, mitotic recombination within different intervals along the 
X-chromosome will give rise to single or twin spots (Stern 1936, 1968). A list of all the 


kinds of clones one would expect in the experiment is also shown in Figure 6. In a similar 
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Figure 5. Photograph and map of the wild-type mesothoracic 
(a-b) and metathoracic (c-d) legs. See Table 4 
for explanation of symbols (Leg maps are from 
Steiner, 1976) 2 °Ri =e row i. 


28 


° ah 
eo ¢ 
ha R3SB 
8a58 Ht 
ay 2.8 
Saeer 
3 Ne 
a8 
ST as 
are 
ae 
: & 
8g & 
Fy 
pes 
Peas 
TSt3 
TSc2 
TSc3 
ATsp PTsp 
PAB 
MSc 1 ————- 
BTR2 


: kD ; 
Wei 
12 on 

: Nh r. 


aye 
ih aA 


Dy 
fu 


: 4 ) ah " i 
ay 
‘ 7» | 
; he" Ly 
1% i 7 
he vane 
‘ ay, aM ily) 


o &@ & © oo ° 


6 
.] 
3 
é 
6 
3 
8 


oO oe s 
St OF Gre ge Se ao 6 


o 


29 


$0 my 


Figure 6. 


30 


Position of Clone 
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Mitotic recombination events and kinds of spots 
expected. Most events would occur at the 
heterochromatic region to give a yf-mwh sn twin 
spots (Becker,1974). Simultaneous events greater 
than double are not listed as double events are 
already extremely rare. Recombination in 
chromosome III does not change the cell genotype. 
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experiment Becker (1974) has shown that the majority of the mitotic recombination 
events occur between forked and the centromere as most of the observed clones are 
twin spots for yellow-forked and singed-multiple wing hair cuticular markers. One must 
be aware that all the clones are scorable only in regions of the fly where bristles and 
trichomes exist and also that certain mutations do not affect both bristles and trichomes. 
For instance, one cannot distinguish a multiple wing hair bristle or a yellow trichome from 
a wild-type one. Therefore, it is not unlikely that a twin spot could be scored as a single 


spot, which would lead to the underestimation of clonal frequency. 
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Hi. RESULTS 

In this chapter are presented the results of experiments in which pattern 
duplications are used as a tool to study the involvement of the b/thorax complex in 
determination. The first step was to examine the compartment specificity of the 
homeotic transformations caused by the b/thorex and the postb/thorax mutants in the 
metathoracic leg. The next step was to investigate the effects of these mutations on 
pattern duplication. Finally a cell lineage analysis of b/thorax duplications was performed 
to establish the origin of these duplications and to look at the behavior of anterior and 


posterior cells which may be differently determined in the b/thorax metathoracic disc. 


Morphology of b/thorax*® and postb/thorax metathoracic legs 

The effects of b/thorex and postb/thorax have been demonstrated to be 
compartment specific in the haltere disc (Morata and Garcia—Bellido, 1976). In the 5x? fly, 
only the anterior haltere is replaced by a set of anterior wing structures while tn the pbx 
homozygotes only the posterior haltere structures are transformed into the posterior 
wing. Interestingly, the transformed structures found come from either anterior or 
posterior compartments in the wing as revealed by clonal restriction analysis (Morata and 
Garcia—Bellido, 1976). In addition, bx homozygous clones induced by somatic 
recombination in the haltere define an anterior—posterior compartment restriction line 
and differentiate only anterior wing structures. Similar clones had no effect in the 
posterior haltere. On the other hand, homozygous pbx clones differentiated posterior 
wing structures only when induced in the posterior haltere and defined a similar 
anterior—posterior compartment restriction line (Morata and Garcia—Bellido, 1976). 
Therefore the evidence is strong that bx and pbx are indeed compartment specific in the 
dorsal metathorax. 

It may be the case that the effects of bx and pbx are also specific to the anterior 
and the posterior compartments in the ventral metathoracic disc (Morata and Lawrence, 
1977), but in no case has extensive evidence in support of this conclusion been 
presented. Therefore a detailed analysis of bx* and pbx-transformed metathoracic legs 
was Carried out to establish the sets of markers that are affected and to confirm that the 


transformations are indeed limited to the anterior or the posterior compartments as in 
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the haltere. 

If the effects of bx and phx do indeed correspond respectively to the anterior or 
the posterior compartments, one would expect in the most extreme 5x homozygotes the 
replacement of all anterior metathoracic landmarks by anterior mesothoracic landmarks 
and a substitution of posterior metathoracic markers by posterior mesothoracic ones in 
the pbx mutant. Table 5 shows that in all 20 cases examined, only anterior mesothoracic 
and posterior metathoracic landmarks were present in bx’ homozygotes. The absence of 
sternal bristle in one case was probably due to a developmental defect rather than 
incomplete expressivity of bx*® for this marker, as many additional legs were 
subsequently examined for this marker and it was present in all cases. In pbx 
homozygotes, only anterior metathoracic and posterior mesothoracic markers were 
found in the 20 metathoracic legs examined. Posterior tibial spur (PTsp) was the only 
marker which lacks complete expressivity as it is present only 19 times. This same 
marker is present in only 80 percent of the mesothoracic legs in the Oregon-R strain 
however. In no case, in the absence of PTsp was posterior transverse row (TR), which is 
located at an analogous position to PTsp in the metathoracic leg, present. Failure to 
present a set of anterior metathoracic markers in Table 5 is due to the fact that no 
discrete anterior markers are present on the metathoracic leg. Therefore, identification 
of the anterior metathoracic compartment is based on the absence of anterior 
prothoracic and mesothoracic markers. It is noteworthy however, that the number and 
the arrangement of chaetal elements in different segments of mesothoracic and 
metathoracic legs are not identical and that the anterior metathoracic pattern was found 
whenever anterior mesothoracic markers were absent. 

In double mutants homozygous for both 6x* and pbx, two perfect pairs of 
mesothoracic legs were present as expected. Figure 7 shows both compartments of bx° 
and pbx transformed metathoracic legs. In conclusion, the observations are consistent 
with the idea that in the ventral metathorax, the effects of bx* and pbx are specific to 
either the anterior or the posterior compartment as in the haltere. In this thesis, we will 


be dealing specifically with the metathoracic leg disc throughout. 
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Figure 7. The bithorax3 and postbithorax transformed 
metathoracic legs. AW = anterior wing, PW = 
posterior wing, AH = anterior haltere, PH = 
posterior haltere. See Table 4 for explanation of 
marker symbols. 
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Effect of b/thorax’ on pattern duplication 

As bithorax specifically transforms the anterior metathoracic leg into anterior 
mesothoracic leg, it was interesting to find out if the determined state is inherited when 
the b/thorax disc duplicates. 

Metathoracic leg duplications were generated by subjecting larvae of ages 0 to 
120 hours (120 hour egg laying period) fromay v f /{7/ts726/FM7,;sbd? bx?/TM2 stock 
to a 48 hour, 29degrees C heat pulse as described in Materials and Methods (page 23). 
The 7M2 balancer chromosome also carries a dominant pseudoallele, Ubx?** of the 
bithorax complex which behaves like a null allele of the b/thorax and postbithorax loci. 
Homozygous sbd’ bx? individuals could be distinguished from the sbd? bx?/TM2 ones by 
the stubbloid phenotype of the former. Flies hemizygous or homozygous for y v f 
/{1]ts726 in combination with homozygous shad? bx*® or sbd’? bx?/TM2 were prepared for 
scoring under the compound microscope. In this section, only results of bx° 
homozygotes will be dealt with and results on 6x?/7M2 will be presented later. For a 
control, a sample of heat pulsed unduplicated legs of the same genotypes from the same 
experiment was scored. Markers were scored in original and duplicate parts of each 
duplicated leg. The mernnee with symmetry appropriate to its side of the fly was 
designated as “original” (orthodrome) and the other member with opposite symmetry was 
designated as the “duplicate” (antidrome). The results of clonal analysis experiments 
(Girton, 1979) support this classification. Also, the duplicate can usually be distinguished 
from the original by its smaller size or incompleteness. In interpreting the results it Is 
important to note that in pattern duplications a part of the pattern is often deficient due 
to cell death caused by the heat pulse. Therefore classification of pattern duplications 
into different categories with respect to the effect of bx depends on the markers that 
remain. 

The incidence of each marker in the bx?/bx* heat pulsed unduplicated and 
duplicated metathoracic legs is shown in Table 6. Note that in the anterior compartment 
of both the original (O) and duplicate (D) mesothoracic markers were always found. This 
was also the case in the heat pulsed 6x*/bx* unduplicated control legs. However, in the 
posterior compartment of the duplicate, in addition to the presence of metathoracic 


markers, mesothoracic structures were also found. In contrast, no unambiguously 
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mesothoracic markers were found in the posterior compartment of the original or of the 
heat treated controls. The only exception with the wild-type control legs was that of the 
‘hairy island bristle’ (BH—-) which appeared invariably in the posterior mesothoracic leg. A 
similar bristle was also found in 2 out of 20 cases in the wild-type posterior metathorax. 
Therefore this marker lacks complete specificity and care should be taken when 
interpreting the results for this marker. The metathoracic BH- is much smaller in size as 
compared to the mesothoracic one and the one in the pbx transformed metathoracic leg. 
‘Single distal bristle’ (DB) in the trochanter in the posterior metathoracic compartment, 
which has not previously been used as a marker, showed incomplete penetrance. It was 
found in 10/20 cases in the wild-type controls but never in the 5x?/bx? unduplicated 
controls. 

The bx*/bx* pattern duplications could be classified into three types. In all three 
kinds, the original member was the same as in the bx*/6x’ metathoracic control legs, that 
is the anterior compartment (A) was transformed to the anterior mesothoracic pattern 
(AMS) while the posterior compartment (P) remained metathoracic (PMT). This kind of 
pattern will be referred to as an AMS-PMT pattern and the same kind of nomenclature 
will be used throughout. On the other hand, three kinds of pattern were observed in the 
duplicates. The first kind, also designated AMS-PMT, is a duplicate of the original 
(AMS-PMT) in mirror image symmetry. The second type, designated AMS-PMS, has both 
the anterior and the posterior compartments of the duplicate completely transformed to 
mesothorax. The last type, designated AMS-P(MS&MT}, again has the anterior 
compartment totally transformed to anterior mesothorax but the posterior compartment 
contains a mixture of both mesothoracic and metathoracic markers. In such mixed 
posterior compartments, usually only one or two markers different from the rest were 
present. Note that no difference exists between the anterior compartments of all three 
kinds of duplicate, all of which have their anterior landmarks entirely transformed to the 
anterior mesothorax. Examples of three different kinds of b/thorax pattern duplications 


are illustrated in Figure 8. 
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Three types of bithorax duplications. (a-b) are 
bx3/bx3 duplications. (c, e and g) are bx34/7TM2 
duplications. (d, f£ and h-l) are bx34/bx34 
duplications. From (a-j) the figures on the left 
are classified as AMS-PMT duplicates and those on 
the right are classified as AMS-PMS duplicates. 
(1) is a higher magnification “ot! a\jportions or mun 
Showing the posterior mesothoracic and 
metathoracic structures in an AMS-P(MS&MT) 
duplicate. Description of markers are shown in 
Table 4. 
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Pattern duplication in postb/thorex metathoracic legs 

The pbx (AMT-PMS) and 6x (AMS-PMT) mutant transformations are analogous in 
that they both affect only one compartment of the metathoracic leg disc. Therefore it 
was interesting to see if the pbx mutation had any effect on pattern duplication in a cell 
lethal system. It was also interesting to find out if the effect was analogous to that of bx. 
Such an analysis would enable one to determine if an analogy also exists in the underlying 
function of 6x* and pbx* in metathoracic disc determination during normal pattern 
formation as well as pattern duplication. 

Pattern duplications were induced using the same procedure as for the bx 
experiments. In the current experiment, a y v f /{7/ts726/FM7;pbx/TM2 stock was used. 
Since the pbx homozygotes and pbx/TM2 flies both showed full penetrance and very 
similar expressivity in both the haltere and the metathoracic leg, it was difficult to tell the 
two genotypes apart. For this reason, no attempt was made to distinguish them in the 
following analysis. Only flies homozygous or hemizygous for y v f /{7/ts726 and carrying 
either pbx/pbx or pbx/TM2 were used for these studies. 

As shown in Table 7, in the heat-pulsed unduplicated pbx controls from the same 
experiment, only mesothoracic markers were found in the posterior compartment of the 
metathoracic leg. The bristle pattern and morphology in the anterior compartment 
remained substantially unchanged. Most anterior mesothoracic compartment specific 
landmarks like ST, Sp or ThB were not observed, but EB (11/25 cases) and AB (7/25 
cases) sometimes appeared. These may perhaps be ascribed to a weakly dominant bx 
effect of Ubx'* in 7M2 in certain genetic backgrounds since these markers were never 
observed in a sample of 20 pbx/Df{3/bxd™ individuals and the only mesothoracic 
marker found was BH- in the posterior compartment (11/20) of +/7M2 metathoracic 
legs. In addition, it is known that bx homozygous clones are cell viable and transform 
both compartments of metathorax to mesothorax completely. Therefore it is important 
to refer to the appropriate controls when interpreting the results for these two markers. 

Fifty duplicated metathoracic legs were obtained. Table 7 indicates that only one 
kind of pattern was present. The anterior compartment was always metathoracic and the 
posterior compartment mesothoracic (AMT-PMS) in both the original and the duplicate. 


EB, which is an anterior mesothoracic marker was found in 12/50 duplicates as 
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compared to 19/50 originals. AB was present in 4/50 cases in the original member only. 
Other anterior mesothoracic landmarks were not observed in the duplicates. Therefore 
one can conclude that indeed only one kind of duplicate is produced in pbx flies and that 
this mutant has no effect in the anterior compartment of the duplicate in the cell lethal 


system. An illustration of an AMT-PMS duplicate is shown in Figure 9. 


Pattern duplication in the wild-type 

Intensive earlier analyses of pattern duplications in the mesothoracic leg using the 
same cell lethal system had not revealed any transformation of the duplicates to 
prothoracic or metathoracic leg by transdetermination or phenocopy (Russell, 1974; 
Russell, Girton and Morgan, 1977; Postlethwait, 1978; Girton, 1979). However, partial 
transformation of the duplicate to wing in extremely low frequency had been reported 
(Postlethwait, 1978). In addition, treatment with agents like ether or heat shock at early 
embryonic stages are known to cause bx and pbx phenocopies (Gloor, 1947; Capdevila 
and Garcia—Bellido, 1974, 1978; Bownes and Seiler, 1977). For these reasons, a number 
of pattern duplications were analyzed in the wild-type metathoracic leg. 

The wild-type metathoracic leg duplications and unduplicated controls were 
obtained by screening a number of y v f /{7/ts726/Y males heat-treated as described in 
the earlier experiments (Russell, Girton and Morgan, 1977). 

Only one kind of metathoracic duplication pattern was found (Table 8). In both 
compartments, the metathoracic state was unaffected after heat pulse treatment and the 
process of duplication. The original member of each duplicated leg was always entirely 
metathoracic and the duplicate was a mirror image copy of the original with the 
metathoracic pattern maintained. In all twenty-four duplications examined, as shown in 
Table 8, no mesothoracic structures were found. An example of the wild-type 


metathoracic leg pattern duplication is shown in Figure 10. 


The effects of other b/thorax alleles on pattern duplication 
The b/thorax Complex consists of at least eight tightly linked loci all of which map 
in the region of two doublets (89E1,2-3,4) located on the right arm of the third 


chromosome. Interestingly, all the loci are involved in the development of either 
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Figure 9. A postbithorax metathoracic leg 
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Figure 10. A wild type metathoracic leg duplication. 
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mesothorax, metathorax or abdominal segments. In view of the genetic complexity of the 
Complex, pattern duplications were analyzed in three additional genotypes to rule out the 
possibility that the observed effects in the bx*? homozygotes might be allele specific. 

The procedure used for making the duplication was the same as that described 
above for bx*/bx’® except that ay v f /(7)ts726/FM7;bx**/TM2 stock was used. The bx*4 
homozygotes could be distinguished from 6x**/7M2 individuals by scoring the haltere 
where the 6x transformation is much more strongly expressed over 7M2 (Figure 11). In 
addition, shad’ bx*/TM2 pattern duplications obtained from the previous experiment were 
examined. In each experiment, a sample of unduplicated metathoracic legs of each of the 
above genotypes was also scored to provide a control. 

The results, shown in Table 9, indicate that all three genotypes bx**/bx**, bx**/TM2 
and shad’? bx*/TM2 gave qualitatively similar results. In each case only anterior 
mesothoracic and posterior metathoracic structures were found in the original member. 
However, in duplicates, while only mesothoracic markers were found in the anterior 
compartments, both mesothoracic and metathoracic landmarks were observed in the 
posterior compartments. The duplications of all three genotypes can also be classified 
into just three types with AMS-PMT patterns in the original and AMS-PMS, AMS-PMT or 
AMS-—P(MS&MIT) patterns in the duplicate. Thus, as far as the duplication pattern is 
concerned, all four genotypes analyzed gave qualitatively similar effects. Examples of the 
different kinds of duplicated legs are shown in Figure 8. 

The penetrance was complete and the expressivity quite constant for the 
homozygotes carrying the weaker b/thorax allele 6x**. 'Sternal bristle’ (ST) was the only 
mesothoracic marker that was only occasionally expressed (5%) in the bx** homozygotes. 
The expressivity of 5x** was much increased in the haltere when balanced over 7M2, but 
not much change was detectable in the metathoracic leg as compared with bx*’ 
homozygotes. ST was found in 80% of bx**/7M2 legs and in addition, BH- was also 
present in 25% of the legs. Not much difference in expressivity between bx*/bx* and 
bx*/TM2 was found. The penetrance for both genotypes was 100% and expressivity was 
essentially complete in both the dorsal and ventral discs. (The only exception was that 


BH- was found in 65% of the bx*/7M2 legs.) 
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Figure 11. The expressivity of haltere to wing 


transformation in (a) Dx34/7TM2 and (b) bx34/bx34. 


AW = anterior wing, PH = posterior haltere, TRC 
triple row chaetes. 


5] 


ae 


3 OL @ == ¢f == © 
= OU Ol eo esse 
= 0G OG == == == © 
GS SG a> Lae = ob 
ae Ge (MG ee a GL 
S GG a= Se Sea 
OG OG OG == OG ==_G 
WAP WAP Ae == Wy == (GG 
Oy Cy Ov == Ov = %& 
OG OG OG == OG == & 
OCG OG OG == 0G == Or 
Oo © OO == "S= © 
OG Oo S= © == © 
q c 
ra) 1 ral 
eee Clee le nc) g 
Sec 8d ake Hiss Gl 


Et 


LCG 


O¢ 


> os Qa0 


XB4OULEISW UWOLUAaSOd 


O¢ 


O¢ 


k= XN 


9 €F ==5G -?) <4 ce 
pe Lo a= pe ee oP 
Ol Ge --a-oe e L 
@ "Om,-==80 101, Ge “0 
OF OF ==0>-0 “tO 
On Ou =O. Ogi. Oo 
O- Om 20" 70 ar 0 
O. On = =30 ee. ElnO 
© Og =-2O. 40 Cr 30 
CO. O® -=350 “20s EEO 
OO, =550 50 =" GeO 
Ot O€ =-80C 40 Gl 0g 
OC Oc ==202 OC OC 0¢ 
€ 
¢- “a XY 
ys § q d 
(Se <8 4-H O 
@d a&+H dv. @a@ 9 


xXe2U0YUOSaW JOLUaYSod 


,S4suewpueq 


SE SL 


Zt Lt 


OE OF 


Bt Bt 


bo be 


cE CE 


Oc O¢ 


OG O¢ 


O¢ O¢ 


ja) 
Irena 


b etqey ut 


vi 


Bt 


ce 


vt 


bc 


ce 


O¢ 


O¢ 


ww 


vt 


St 


Le 


vt 


O¢ 


cE 


O¢ 


O% 


O¢ 


i= eS jo} 


Gl 


Ot 


Le 


.Gt 


6k 


ce 


O¢ 


O¢ 


g pue /£ Sa|qe, Wouy psaonpoudsu ejeq, 


peuljsep sue SuayHuew [eo16o,ouduow 


O¢ 


O¢ 


xBuoyuyOSaW uoluazUuy 


[O4u}U0D pazyeo!itdnpun ,xqd ,xq pue 


St ZW1L/ eX 

bc CWL/ vy «XQ 

Aa v oXG/veXqQ 

Bt CW1L/ XG 

Lc CWNL/ + eX 

ce v eXQ/_2XqQ 

O¢ CWL/ XD EF 

vy CWL/veXQ ET 

OV vtXG/uceXQ E11 

O¢ CWL1/+ 2€1 

Oc +/+ 2€1 

Oc CWL/+ 201 

0% +/+ 201 
azis adA}ousey 
a,dwes 


4Uo}y SLoquAs , 


e}zeottdnp 
a}zeo1 dnp 
a}zeo1r, dnp 
jeurBHBtuo 
teurBLuo 
{eurBLuo 
€] e}yeottdng 
pe eo! (|dnpun 
pe eo: |dnpun 
pe eo: | dnpun 
pe zyeot | dnpun 
pe zeol |dnpun 
pea eottdnpun 


pe }yeot |dnpun 


Bet $O puly 


‘(sBa_, o1oeu0yzezoW 


pazeottdnpun pue pazeottdnp) sadAyousab xq pazeau,-}yeaYy sauy}Y By} Ul yuassud uaxyuew Yyoea $O BdUapLoOUT “6 BiqeL 


oi 


Frequency of different kinds of duplication in the four b/thorax genotypes 

Although the kinds of pattern duplications produced in the four b/thorax 
genotypes were similar, due to different degrees of expressivity among the alleles, one 
might expect the frequency of the three kinds of duplicates to differ. 

The incidence of each kind of duplicate classified by genotype is presented in 
Table 10. The results show that the frequencies were very similar in bx**/bx**, bx*4/7TM2 
and 6x*/7M2, but that in bx?/bx?, the distribution of duplication types may be different. 
Statistical testing using a contingency chi-squared test confirms that significant 
heterogeneity with respect to the incidence of each class of duplicate does exist among 
the four genotypes (X7(6)=17.86, 0.01>p>0.005). When the same test was done after 
excluding 6x*/bx* data, no significant heterogeneity among the three remaining genotypes 
was found (X?(4)=7.10, 0.2>p>0.1). Therefore, results from these three genotypes were 
pooled and another contingency chi-squared test was done. The resuit of this test (Table 
11) shows that the frequency of the three kinds of pattern duplication is not independent 
of genotype, that is, there is a significant difference between 5x*/bx* and the other three 
genotypes (X7(2)= 15.04, p<0.005). 

When the weaker allele, 6x** was used, 63% of the duplicates in the homozygotes 
were of AMS-PMT type and the remaining 37% differentiated at least one PMS marker. 
However, the frequency of AMS-PMT duplicates fell significantly to 22% with the 
remainder differentiating at least one PMS marker when the more extreme allele, bx°, 
was homozygous. Among duplicates of all four genotypes, mixed posterior 
compartments (P(MS&MT)) occurred at a much lower frequency; only 11 out of 94 cases 


(12%) were obtained. 


Kind of duplicate with respect to the developmental stage at initiation of the 
duplication 

In order to find out whether each kind of duplicate might be formed only at some 
particular stage of development, two kinds of analysis were done. The first involved a 
comparison of left and right duplicate patterns from the same fly and the second a 


systematic experiment to produce duplications at different stages of development 
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The first analysis made use of data from flies analyzed in the previous sections. In 
those experiments, the duplications were generated by heat treatment of larvae from 0 
to 120 hours old. If the kind of duplicate formed were strictly dependent on stage of 
development at the time of the heat treatment, one would not expect to find two 
different kinds of duplicates in a single individual which had both left and right legs 
duplicated. Among all the flies of the four genotypes examined, 10 had both legs 
duplicated. The results are given in Table 12. In only three cases were both left and right 
duplicates similar in type. The results show that all three kinds of duplicates can be 
formed at least at some developmental stage at which duplicates are initiated. 

Further evidence comes from the analysis of duplications induced in two specific 
intervals during development. Homozygous 6x** larvae aged either 54+6 hours or 78+6 
hours (12 hour egg laying period) were subjected to a 29degrees C, 48 hour heat 
treatment to produce pattern duplications. The results are shown in Table 13. Note that all 
three kinds of duplicate were found in both treatments. This confirms that the kind of 
duplication pattern produced is independent of the developmental stage at which it is 
initiated. A contingency chi-squared test shows that the frequency of each kind of 
duplicate is insignificantly different between the two heat treatment times (X*{2)=2.54, 


0.5>p>0.25). 


Size of marker deficiency in relation to type of pattern duplication in 5/thorax flies 
Use of the cell lethal system in generating the duplication has the disadvantage 
that we do not know the compartmenta! derivation of the cells that form the duplicate. 
However, it has been shown in a number of studies that a pattern duplication is usually if 
not always associated with a morphological deficiency (Russell, 1974; Arking, 1975; 
Simpson and Schneiderman, 1975; Russell, Girton and Morgan, 1977; Postlethwait, 
1978). The deficiency generally extends a variable distance from the medial edge of the 
leg disc (see Figure 12) and thus may either intersect only the anterior compartment, or 
both compartments. It has been assumed that the observed limit of the deficiency 
represents the free edge of disc epithelium created by cell death and that cells from this 
free edge form the duplicate part of the pattern (Russell, Girton and Morgan, 1977; Clark 


and Russell, 1977; Postletnwait, 1978). Thus, from the size of the morphological 
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Figure 12. A leg-disc map with both mesothoracic and 
metathoracic landmarks. A description of 
landmarks is given in Table 4. New landmarks are 
placed on the map according to the bristle row 
and segment in which they are located (After 
Schubiger loi; Steiner: = 1976°<and Girton, 
1979). A = anterior, P = posterior, M = medial, 
= lateral. 
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deficiency, one can gain some idea about the likelihood that a duplicate originated from 
cells of either the anterior, the posterior or both compartments of the original disc. 

Therefore, b/thorax duplications from the previous experiments were scored for 
the presence or absence of a series of leg markers (see Table 4). Deficiencies were then 
classified as affecting either anterior, posterior, or both compartments. Since a large 
number of uniformly distributed markers were scored (see Figure 12), it is reasonable to 
assume that if only anterior structures are deficient, the duplicate would be formed from 
only anterior cells. Likewise, one might expect both anterior and posterior celis to 
participate in formation of the duplicate if the region of marker deficiency extended into 
both the anterior and the posterior compartments of the disc. 

In all four b/thorax genotypes analyzed previously, only two kinds of marker 
deficiency were found. The first kind lacks only markers of the anterior compartment, 
while the other kind also lacks posterior markers. However, AMS-PMS, AMS-PMIT and 
AMS-P(MS&MT) duplicate patterns were found among both of these deficiency classes. 
Examples plotted on a b/thorax metathoracic leg-disc map are shown in Figure 13. The 
results of this classification for duplications pooled over the four genotypes are shown 
in Table 14. (See Appendix 1 for details of each genotype and justification for pooling.) 
Note that each of the three duplicate classes can be found either when the anterior 
compartment only is deficient or when both compartments are deficient. The kind of 
duplicate is statistically independent of the kind of deficiency (contingency X*(2)= 1.88, 
0.5>p>0.25). This suggests that the origin of the duplication blastema may not be 
important in determining the kind of duplicate formed. The observation that 48 percent 
of the duplicates have both compartments deficient and yet only 12 percent of the 
duplicates are of the AMS—P(MS&MT) kind (see Table 10) is also consistent with the 
hypothesis that the kind of duplicate may be independent of compartmental origin. There 
is of course no way at this point to rule out the possibility that in the case where both 
the anterior and the posterior compartments are deficient, only the anterior cells are 
involved in forming the duplicate. In addition, when only the anterior markers are 
observed to be deficient, this does not necessarily imply that the posterior cells do not 
contribute to the duplicate. For example, cell death may occur in the peripodial membrane 


which contributes no landmarks to the adult leg. 
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Figure 


ie 


Two kinds of marker deficiency in the original 
member of the Dbithorax metathoracic leg 
duplications plotted on leg-disc maps. (a) 
bithorax metathoracic leg-disc map, (b) and (c) 
are duplications with anterior and both 
compartments deficient respectively, classified 
as AMS-PMT duplicates, (d) and (e) are 
duplications with anterior and both compartments 
deficient respectively classified as AMS-PMS 
duplicates. 
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Marker deficiency in postb/thorax and wild-type metathoracic leg duplications 

When b/thorax (AMS-PMT) metathoracic legs duplicate, they sometimes give rise 
to posterior mesothoracic structures in the duplicates. However, no analogous effect 
was observed in the anterior compartment of the postb/thorax (AMT-PMS) duplicates. 
Failure to find any effect of pbx in the anterior compartment of the duplicate does not 
necessarily imply that the mechanism by which pdx causes its transformation is not 
analogous to 6x. It could be that the region of cell death never extends into the posterior 
compartment of the pbx metathoracic leg disc. As a result, the posterior pbx 
transformed cells might not have any opportunity to participate in formation of the 
duplicate. 

An analysis of the pbx pattern duplications shows however that 19 have both 
anterior as well as posterior markers deficient and 23 have only anterior markers 
deficient. The remaining 8 duplications have no detectable marker deficiencies and the 
duplicates are essentially complete for all markers. It !s quite likely that all these 8 cases 
have only anterior compartment deficient as no distinct marker is present at the ‘sternal 
bristle’ (ST) region which was found to be most frequently deficient in the b/thorax 
duplications as well as the mesothoracic leg duplications (Russell, Girton and Morgan, 
1977). The two kinds of marker deficiency plotted on pbx metathoracic leg—disc maps 
are shown in Figure 14. Statistical analysis shows that the incidence of deficiency in 
either only anterior or both compartments is not significantly different (X2(1)=0.16, 
0.75>p>0.5) from that found in the 6x experiments (see Table 15). Therefore, failure to 
differentiate anterior mesothoracic markers is most likely not ascribable to the exclusion 
of posterior pbx-transformed cells from formation of the duplicate, but due instead to 
some difference between the effects of 5x and pbx in pattern duplication in a cell lethal 
system. 

As with bx and pbx duplications, wild-type ones also exhibit marker deficiencies. 
Among 13 duplications which were scored, the marker deficiencies could again be 
classified into those with only the anterior compartment deficient (4 cases) and those 
with both compartments deficient (9 cases). Figure 15 shows the two kinds of marker 
deficiency plotted on wild-type metathoracic leg—disc maps. Note that the marker 


deficiency patterns exhibit a remarkable similarity to the bx and pbx ones. Overall, the 
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Figure 14. Two kinds of marker deficiency in the original 
member of the postbithorax metathoracic leg 
duplications plotted on leg-disc maps. (a) a 
postbithorax metathoracic leg-disc map, (b) and 
(c) are duplications with anterior and both 
compartments deficient respectively. 
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Figure 15. Two kinds of marker deficiency in the original 
member of the wild-type metathoracic leg 
‘duplications plotted on leg-disc maps. (a) is a 
wild-type metathoracic leg-disc map, (b) and (c) 
are duplications with anterior and both 
compartments deficient respectively. 
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analysis suggests that cells from anterior and posterior compartments both have the 
opportunity to participate in formation of the duplicate in all genotypes, and that 


differences between the effects of the mutants cannot be explained on this basis. 


Cell lineage analysis 

The effect of b/thorax in the posterior compartment of the duplicate could mean 
that the duplicate was sometimes derived from the b/thorax transformed anterior cells. 
These cells might have some finite chance of following either the mesothoracic or the 
metathoracic developmental pathway when entering the duplication blastema. The marker 
deficiency analysis above suggests that the anterior b/thorax cells can form all three 
kinds of duplicate. However this evidence is only indirect as it depends on a particular 
model for pattern duplication which is still controversial (Jurgens and Gateff, 1979). 

In order to investigate the origin of the duplicates more rigorously, individual cells 
were labelled by somatic recombination so that the influence (if any) of a cell's 
compartmental status on the type of duplicate formed could be assessed. The 
experimental design was to induce labelled clones in b/thorax discs after the 
anterior—posterior compartmental restriction had been established but before the 
initiation of pattern duplication and to follow their fates in the duplicates. In these studies, 
bx** homozygotes were used because they gave a much higher frequency of survival 
after combined X-ray and heat pulse treatments than other genotypes tested. Moreover, 
this genotype was known to give all three kinds of duplicate regardless of the time of 
heat treatment as required for this analysis (see Table 13 above). A detailed description 
of the experimental procedure can be found in materials and methods section (page 26). 
Larvae aged between 48 and 72 hours (24 hour egg laying period) after egg deposition 
were irradiated with 1500R of gamma-rays to induce mitotic recombination (this dose 
was used to ensure a relatively high frequency of clones per duplication), and were then 
immediately shifted to 29degrees C for 48 hours to induce pattern duplications. Thus, 
labelled clones were induced before the recruitment of cells into the duplication 
blastema. Previous studies suggest that such clones would be expected to cross the 
anterior—posterior compartmental restriction line in the duplicate (Girton, 1979). Four 


hundred and fifteen duplicated metathoracic legs were obtained from amongst about 


; es: 


ed 
Ae 


i RAPS Urata gy ey 


ed 


al. ies Sed gyi cerain? a) 


Rt on a aww ws sip 


he Meron Weel MT AVE MN iw 
fir padiiahel aes eile aaae 
<, m7 


Pe woe ely i ra iar all 
! ” : i 


Ore. fl eee 
‘ 


- , i. 7 
re? he OS PS FER S11 Re aA 


\ } 
noe oe ae 2h Pee ee 
{ ap { 4 
ag ne 
Ts 
a > ¥ 7 ¥ “; = yy yi (TP 2 
‘ 
, . , an Sr ate De 
i ’ 


ioe Aneto ates, 1 


T SM RIAA LEVY 


69 


2500 pharate adults dissected. 

The kinds of clone detected in the duplications are shown in Table 16. The 
majority (90%) of clones recovered were twins ascribable to recombination proximal to 
forked. Since only clones labelling both original and duplicate (OD clones) will give us the 
information we require, twin spots were treated in this analysis as single clones to 
maximize the probability that both the original and the duplicate would be labelled. The 
frequency of duplicated legs labelled by clones was 153/415. If the frequency follows a 


Poisson distribution, 121 of the 153 should be due to single events. 


Distribution of clones in the duplicated legs 

The clones were classified into those that marked only the original (O), the 
duplicate (D) or both members (OD) of the duplicated leg and al! three classes were found 
(Table 17). Note that among the duplications with clones, the majority of the clones (61%) 
were found to label both members of the duplicated leg. Only a small percentage (4%) 
were found to mark the duplicate only, and 35% labelled only the original member. OD 
clones usually formed a contiguous patch with the larger labelled area in the duplicate. In 
the original, the larger clones marked several leg segments and one or two longitudinal 
bristle rows. However, in the duplicates, such clones usually marked larger numbers of 
bristle rows and had basically the same clone shape and bristle rows marked as in the 
original. An example of such an OD clone is shown in Figure 16. A contingency 
chi-squared test (Table 17) indicates that the distribution of three types of duplicates 
classified by clonal labelling patterns is not significantly heterogeneous 


(X2(6)=4. 15,0.75>p>0.5). 


Incidence of clones classified by compartment and type of duplicate 

In order to determine if the origin of the duplicate has any influence on the kind 
of pattern differentiated, each clone was classified as labelling either the anterior, the 
posterior compartment, or both, in the original as well as the duplicate members of the 
duplication. The results of this classification are shown in Table 18. 

Of the sixteen possible labelling patterns, all but two were found. These were: 


(P+A’) and (AP+P’), where the “prime” indicates a duplicate compartment. The presence of 
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Table 16. Incidence of different types of labelled clones in the 
duplications induced in females of the genotype Dp/(3:7/mwh’, y 
Vitt WeIets7ZoIw Sir UT HSTZO: Dx IDX 


Clone Phenotype No. of Clones 
y f & mwah sn twins 143 
y & mwa sn twins 3 
y & mwa twins 6 
sr single 1 
Total tos 


Total No. of duplications scored 415 
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Figure 16. An OD clone in a bithorax duplication. (---) 


boundary between the original (0) and the 
duplicate (D) portions, (....) outline of the 
clone, f = yellow-forked, s = singed-multiple 
wing hair, y = yellow. 
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Jigs! 


Table 18. Incidence of each kind of clonal labelling pattern in the 
bithorax duplications! 


Original Duplicate No. of each kind of duplicate 

P A A’ P’ AMS -PMT AMS-PMS AMS- P(MS & MT) 

BP o2 S) 1 

+ = 2 5 1 

+ + + 40 8 2) 

+ + 4 @) 0 

+ 6 2 ] 

+ + 0 0 0 

~ ~ + 3 1 2 

~ 2 1 0 

- 3 ] 0 

+ + Z 0 0 

+ 0 0 1 

~ ~ 2 e) 0 

+ + + 1 0 0 

- ~ - + 1 0 0 

+ + ~ ) 0 6) 

Sum V7 Zu, 9 


1 The symbol "+" in the column for a particular Compartment means that this 
compartment was labelled with one or more clones. No attempt was made to 
distinguish single from multiple clones. 
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D clones with both the anterior and the posterior compartments labelled is consistent 
with earlier results which show that compartmental commitments may be lost during 
pattern duplication and regeneration (Haynie and Bryant, 1976; Szabad, Simpson, and 
Nothiger, 1979; Girton, 1979). In only 4 cases out of 153 were both compartments 
marked in the original. These cases might be due to multiple independent mitotic 
recombination events occuring simultaneously, or to intercalary regeneration caused by 
cell death. Assuming each instance to be due to two independent clones, one can 
estimate the frequency of A and P clones (as well as A’ and P’ clones) from the number 
of compartments without clones. The expected number of multiple events estimated 
from the product of these frequencies was seven (Table 19), and this is not significantly 
different from the observed number. This is important because only those OD clones 
confined to one compartment in the original will be useful for our purpose of 


determining the origin of the duplicate. 


Fate of anterior b/thorax-transformed cells 

When b/thorax metathoracic discs duplicate, both mesothoracic as well as 
metathoracic structures are found in the duplicates. Therefore, the main aim of the cell 
lineage analysis was to find out whether the anterior b/thorax—transformed metathoracic 
cells could form all three kinds of posterior duplicates. The presence of clones labelling 
the anterior compartment of the original and the posterior compartment (AP’) of the 
duplicate in all three classes of duplicates would be good evidence for this hypothesis. 
This kind of clone could indeed be found in the three kinds of duplicate (see Table 18). 
Figure 17 shows such clones in both AMS-PMS and AMS-PMT duplicates. The positions 
of five such clones in an AMS-PMS duplicate and nine in an AMS-PMT duplicate plotted 
on leg maps are shown in Figure 18. Note that the distribution and the shapes of the 
clones are not very different in the two kinds of duplications. 

The possibility exists however that PMS duplicate compartments originate strictly 
from anterior transformed cells (AMS) and PMT duplicates from posterior 
hon-transformed cells (PMT). Some of the clones observed that appear to label both 
anterior compartment of the original and posterior compartment of the duplicate in 


AMS-PMT duplicate would then in reality be multiple independent clones. The expected 
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Table 19. Incidence of clones in the four compartments among the 415 
from the data of Table 18 


bithorax duplications 


No. with one or more clones 
No. with no clones 


Observed frequency with one or 
more clones 


Original 
A i 
128 Zz 
287 393 
0.31 G:05 


Compartment 
Duplicate 
A’ PR: 
92 68 
S23 347 
O22 0.16 
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Figure 


2s 


Two anterior clones labelling posterior 
duplicates. (a) is classified as an AMS-PMT 
duplicate and (b) is a higher magnification of a 
section of (a) showing the clone labelling AB, TR 
and BR. (c) is classified as an AMS-PMS duplicate 
and (d) and (e) are higher magnifications of a 
section of (c) demonstrating the clone labelling 
R3SB. £ = yellow-forked, s = singed-multiple wing 
hair, y = yellow. 
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number of duplicated legs with the anterior compartment of the original and the 
posterior compartment of the duplicate marked by independent clones, can be estimated 
from the data in Tables 18 and 19. As shown in Table 20, this caiculation yields an 
estimate of 21 for the expected number of multiples. A total of 55 cases in which 
clones marked the A compartment as well as the P’ compartment were observed. Since 
44 of these were found in AMS-PMT duplicates, not all 44 can be accounted for by the 
21 expected multiple clones. The results therefore clearly suggest that when anterior 
bithorax-transformed cells enter the duplication blastema, they can form not only 
anterior mesothoracic structures, but also either mesothoracic or metathoracic posterior 


structures. 


Posterior markers differentiated by the anterior clones in the duplicate 

Even though the anterior clones in the original can contribute to both anterior and 
posterior compartments in all three types of duplicates, one cannot be absolutely sure 
that the anterior b/thorax—transformed cells can actually differentiate both posterior 
mesothoracic and metathoracic structures, as those clones may not have included any 
distinctive marker in a mosaic posterior duplicate for the assessment of their determined 
state. Therefore, the landmarks differentiated by all the AP’ clones in the posterior 
compartment of the duplicate were individually scored. The results of this analysis are 
shown in Tables 21 and 22. An example of the mesothoracic and the metathoracic 
structures differentiated by two clones is shown in Figure 17. Among the 55 anterior 
original clones which apparently extended into the posterior compartment of the 
duplicate, 33 differentiated at least one posterior metathoracic structure and 8 
differentiated at least one mesothoracic structure (see Table 22 for kinds of stuctures 
differentiated). The other 16 do not include any distinct landmarks. Note that the 33 
definitive posterior metathoracic clones still cannot all be explained by the 21 expected 
multiples. Therefore, the evidence is strong that the anterior 6/thorax—transformed cells 
have some finite chance of forming either the mesothoracic or the metathoracic 


structures after entering the duplication blastema. 
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Table 20. Incidence of AP’ clones classifed by duplicate type from the 
data of Tables 18 and 19, and calculation of the expected 
incidence of multiple clones marking the A and P’ 


compartments. 
Duplicate Type Incidence of AP’ Clone 
AMS - PMT 44 
AMS - PMS 8 
AMS - Pi(MS & MT) 3 


Calculation: 


Total no. of duplications scored = 415 


Observed total no. of duplications with A and P’ compartments marked = 
AAo+ Sur 13) .= 55 


Observed frequency of A compartments with one or more clones = 
i2Z8/415.= 0.31 


Observed frequency of P compartments with one or more clones = 
68/415 = 0.16 


Hence, expected number of duplications with A and P’ compartments labelled 
Ors x OIG x= 415° =220'56 
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Table 21. 
mesothoracic and/or metathoracic structure 
Kind of Posterior Compartment in Duplicate 
Clonal 
Origin PMT PMS P(IMS & 
Anterior 31 6 2} 
Posterior 5 1 Za 


‘Clones include, both meso- and metathoracic structures. 


20ne clone differentiated both meso- and metathoracic structures, 


differentiated only metathoracic structures. 
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Incidence of clones which differentiated at least one posterior 
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The fate of posterior metathoracic b/thorax cells 

Clonal analysis data in Table 18 suggests that posterior b/thorax non-transformed 
metathoracic cells also sometimes contributed to the duplication blastema in this study 
using the ceil lethal system. It is interesting therefore to examine the fate of these cells in 
the pattern duplications. This analysis should provide us with further information about 
the stability and the heritability of the determined state in b/thorax cells forming a 
duplication blastema. 

Only 9 posterior original clones extending into the duplicate were obtained. Six of 
these were observed to cross the A'P’ boundary while the other three marked only the P’ 
compartment in the duplicate (see Figure 19). The nine clones were found in all three 
kinds of duplicates (Table 18). The expected number of duplications with multiple 
independent clones simultaneously marking the P compartment of the original and the P’ 
compartment of the duplicate can be estimated from data in Tables 18 and 19. As shown 
in Table 23, this expected number was estimated to be three and is nearly sufficient to 
account for the two PP’ clones observed in AMS-PMS and the two in AMS-P(MS&MT) 
duplicates. So these data do not rule out the heritability hypothesis. However, some of 
the observed PP’ clones are probably true single clones as they are contiguous across O 
and D. In addition, the assumption that each AP or A’P’ clone is due to two independent 
events will bias the estimation of expected multiples upwards as the clones were induced 
before the anterior—posterior compartmental restriction in the duplicate is established 
(Girton and Russell, 1981). Moreover, it is unlikely that all three of the expected multiples 
would fall by chance into the AMS~PMS and AMS-P(MS&MT) classes. Thus, the results 
do not prove, but are consistent with, the possibility that the behavior of b/thorax 
posterior non-transformed cells is similar to that of transformed anterior cells in 


forming mesothoracic as well as metathoracic structures in pattern duplication. 


Posterior markers differentiated by posterior original clones in the duplicate 

To confirm that the P clones apparently extending into the P’ compartment of the 
duplicate could include both posterior mesothoracic and metathoracic structures, the 
markers differentiated by these clones were scored. The results are summarized in Table 


21. Seven clones differentiated at least one posterior metathoracic structure and two 
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Prguneyig. 


Two posterior clones labelling posterior 
duplicates. (a) is classified as an AMS-PMT 
duplicate and (b) is a higher magnification of a 
section of the duplicate illustrating the clone 
labelling BR. (c) is classified as an AMS-PMS 
duplicate and (d) and (e) demonstrate landmarks 
R3SB and BTR2 labelled by the clone. f = 
yellow-forked, s = singed-multiple wing hair, Ri 
= row 1. 
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Table 23. Incidence of PP’ clones classified by duplicate type from the 
data of Tables 18 and 19, and calculation of the expected 
incidence of multiple clones marking both P and P’ 


compartments 
Duplicate Type Incidence of PP’ Clone 
AMS-PMT 5 
AMS-PMS 2 
AMS-P(MS & MT) 2 


Calculation: 
Total no. of duplications scored = 415 


Observed total no. of duplications with P and P’ compartments marked = 
ene 


Observed frequency of P compartments with one or more clones = 
22/415 = 0.05 


Observed frequency of P’ compartments with one or more clones = 
68/415 = 0.16 


Hence, expected number of duplications with P and P’ compartments labelled = 
O05 ONG 4x 4155=N 332 
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clones differentiated at least one posterior mesothoracic structure (also see Table 22 for 
markers differentiated). Examples are shown in Figure 19. Both these clones appear to be 
continuous from the P into the P’ compartment suggesting that they are both really single 
clones. It is rather surprising that posterior non-transformed b/thorax cells appear to be 
able to form posterior mesothoracic as well as metathoracic structures after entering the 


duplication blastema. 


The origin of mixed posterior compartments in the duplicate 

The cell lineage analysis suggests that the mixed posterior compartments of the 
duplicates may be derived from cells from a single compartment of the original member 
of the duplicated leg since cells from either compartment seem to be able to form both 
kinds of structure. Tables 21 and 22 show that two of the four clones originating from 
the anterior compartment and one of the two clones originating from the posterior 
compartment differentiated both mesothoracic and metathoracic structures. In each case 
the clonal label was found in a single continuous patch suggesting these cases may well 
be true single clones. An exarnple is shown in Figure 20. These clones provide further 
support for the idea that in bx duplications, the state of determination may not be clonally 
inherited. 

One can estimate the probability that anterior or posterior cells are both included 
in a duplication blastema from the proportions of OD clones marking either A or P but 
not both compartments of the original member. Among 91 such clones obtained (see 
Table 18), 82 labelled the anterior compartment and 9 labelled the posterior compartment 
of the original. If we assume independent recruitment of cells from these two sources, 
knowing the average number of cells which make up the duplication blastema, one can 
estimate using the binomial probability distribution the expected number of duplicates 
formed from both transformed anterior and non-transformed posterior b/thorax cells. 
The expected number of duplicates of mixed origin is calculated as (1—(probability all 
anterior + probability all posterior))N where N is the total number of duplications 
obtained. Assuming that 7 - 22 cells form a duplication blastema in this cell lethal system 
(Girton, 1979; Girton and Russell, 1980), this calculation suggests that from 52% to 90% 


of all the duplicates may be of mixed origin. In the cell lineage analysis shown in Table 18, 
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Figure 20. An anterior clone which differentiated both 
mesothoracic and metathoracic landmarks, R3TB (b) 
and BTR2 and PTsp (c) in the same duplicate. f = 
yellow-forked, s = singed-multiple wing hair. 
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153 duplications were obtained. One should therefore expect between 80 and 138 
duplicates to be of mixed origin. Given strict cell-heredity of determined states, all of 
these should display an AMS-P(MS&MIT) phenotype. But the actual observed number of 
mixed duplicates was only nine. This implies, if our assumptions are correct, that all the 
cells in a single duplication blastema tend to assume the same state of determination 
(either mesothorax or metathorax) regardless of their compartmental origin. 

On the other hand, it may be that the assumption of independent recruitment of 
cells into the duplication blastema is incorrect. According to French, Bryant, and Bryant's 
model (1976), cells are recruited from the cut edge of the disc. In our duplications, the 
cut edge would intersect both compartments of the originals in about 50% of all cases 
(Table 14). This is also inconsistent with the strict cell-heredity of determined states 
hypothesis in pattern duplication. It may be that other parameters, such as the opposition 
patterns generated during wound healing process, may also play an important role in 
determining the origin of blastema cells. Even so, the results of this analysis lend some 
support to the surprising conclusion from the clonal labelling experiment that in the 
duplicates, a single clone from either compartment of the original can differentiate either 


mesothoracic or metathoracic posterior structures or occasionally both. 


IV. DISCUSSION 


Mechanism of duplication in the cell lethal system 

Pattern duplication can be generated using either surgical techniques (Schubiger, 
1971; Bryant, 1971; Strub, 1977a,b; Bryant, 1978 for review) or mutants such as the 
temperature—sensitive cell lethal system employed here (see Girton and Bryant, 1980, for 
review). Two mechanisms have been suggested by which pattern duplicates can be 
formed. The first proposes that pattern duplications develop by respecification of 
existing cells to form two incomplete patterns in mirror image symmetry after the 
developing system is perturbed. This is a morphallactic type of process since no extra 
cell divisions are required (Morgan, 1901). It was proposed by Jurgens and Gateff (1979) 
on the basis of experiments using a temperature-—sensitive lethal, //7/tsmad, which is an 
allele of suppressor of forked and therefore an allele of //7/ts726. Clones induced before 
initiation of pattern duplications by heat treatments were all confined to either the original 
or the duplicate part of the pattern. Moreover, no clone was found to transgress the 
anterior—posterior compartment boundary in either original or duplicate part. In addition, 
they were unable to find evidence of cell death in the heat treated leg discs using the 
toluidine blue staining technique (Simpson and Schneiderman, 1975). The authors argue 
that these results are compatible only with a morphallactic duplication mechanism. 

The second kind of model proposes that the initial stimulus causing pattern 
duplication is the extirpation of a part of the disc at some stage in development. Some of 
the remaining cells are assumed to form a blastema which proliferates to form the 
duplicate part of the pattern. Since cell division is involved, this ts an epimorphic process 
of pattern regulation. This model is based on precise surgical experiments such as those 
of Schubiger (197 1) and the interpretations of Bryant (1971), Schubiger (1971), and 
Postlethwait and Schneiderman (1973). Schubiger (1973) showed that pattern duplication 
in this system depends on cell proliferation since it does not take place if the disc 
fragments are cultured in sugar—fed adult hosts where proliferation does not occur. 
Secondly, Dale and Bownes (1980) labelled mitotic cells of regenerating or duplicating 
disc fragments using tritiated thymidine and found that the most heavily labelled region of 


the disc, which presumably corresponds to the region most active in cell division, lies in a 
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small area near to the cut edge. They concluded that pattern regulation is epimorphic and 
the blastema contains a small number of cells. This view has recently been strengthened 
by clonal analysis in surgical disc fragments (Szabad, Simpson and Nothiger, 1979; 
Abbott, Karpen and Schubiger, 1981). Clones induced before initiation of duplication or 
regeneration may mark both the original or the new material. Moreover, analysis of partial 
duplicates or regenerates showed that markers are regenerated or duplicated in a 
specific sequence with those closer to the cut edge appearing first. This mechanism of 
pattern regulation was central to the development of the "Polar co-ordinate” model for 
disc positional information of French, Bryant and Bryant (1976) which is now the most 
widely accepted view. 

Mutants at a great many loci (Russell, 1974; Arking, 1975; Simpson and 
Schneiderman, 1975) selected as cell-autonomous lethals cause pattern duplications 
when heat treated during larval life. The epimorphic mechanism outlined above has been 
proposed to account for pattern duplication caused by heat treatments in 
temperature-—sensitive cell lethal systems (Russell, Girton and Morgan, 1977). In the 
/(7}ts726 system, several lines of evidence suggest that pattern duplication induced by 
heat pulse treatment of individual animals carrying this mutation is due to localized cell 
death which mimics a surgical cut and produces a disc fragment which duplicates /n s/tu. 
Firstly, extensive analysis of head, mesothoracic and prothoracic leg duplications showed 
that the pattern duplication is almost always accompanied by a pattern deficiency (Russell, 
1974; Russell, Girton and Morgan, 1977; Postlethwait, 1978). In the mesothoracic leg 
duplications, the medial fate map elements were found most frequently deficient, and 
least frequently duplicated, while the lateral portion was found to be most often 
duplicated rather than deficient. These results are in good agreement with the results 
obtained from the surgical technique for the prothoracic leg disc (Schubiger, 197 1; 
Strub, 1977a,b). Secondly, histological studies of the heat pulsed discs showed that 
localized cell death occurred. However, the regions of cell death could not always be 
correlated with the cuticular marker deficiency (Clark, 1976; Clark and Russell, 1977). 
Thirdly, clonal analysis of the duplications demonstrated that single clones induced before 
the induction of pattern duplications often mark both the original and the duplicate 


members and that clone sizes are consistently larger in the duplicates (Girton, 1979; 
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Girton and Russell, 1980). Similar results have been obtained in the present study (Table 
18). These results would suggest that the duplicates are derived from the original via 
epimorphic regulation. 

These findings apparently contradict those of Jurgens and Gateff reviewed 
above. This is surprising since /{7/ts726 and /{7/tsmad are functional alleles of the same 
locus. At present no resolution to the paradox is possible but the weight of the evidence 
from different systems seems to favor the epimorphic model at present. In this thesis, 
the results shall be interpreted according to this view. 

If epimorphic regulation is indeed involved, an issue of importance in the present 
study, is the origin of the cells that form the duplication blastema. Two alternatives have 
been suggested. These cells may either be ordinary disc cells recruited from the cut edge 
of the disc epithelium (as proposed in the polar co-ordinate model), or they may come 
from a special population of "reserve cells” set aside in imaginal discs for the purpose of 
pattern regulation in case of injury (Schubiger, 1971). There is no direct evidence 
demonstrating the existence of reserve cells and a number of experimental results argue 
in favor of the alternative "cut edge” hypothesis. First, the autoradiographic study of Dale 
and Bownes (1980) mentioned above demonstrates active cell division at the cut edge. 
Therefore, if reserve cells exist, their number must be large and their distribution even in 
the disc, or else they would have to migrate to the cut edge so that regulation is made 
possible regardless of where the cut falls. Migration of cells is not supported by the 
clonal data as clones tend to form single contiguous patches. Also, clones induced just 
before blastema formation are rarely confined to either the original or the new material 
as one might expect if there were large numbers of reserve cells (Girton and Russell, 
1980; Abbott, Karpen and Schubiger, 1981). If ordinary disc cells in fact form the 
duplication blastema in the //7/ts726 system, then it is important to know about their 
compartmental origins. The present clonal analysis suggests that roughly 90% of clones 
labelling duplicates originate from the anterior compartments and 10% from the posterior 
of the original disc (Table 18). 

In order to give a proper interpretation of the results, it is also important to know 
that heat treatment does not interfere with the determination system in the duplicates. In a 


large number of prothoracic and mesothoracic leg duplications analyzed, no 
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transformations between legs, due to either phenocopy or /n s/tu transdetermination, 
have so far been reported (Russell, Girton and Morgan, 1977; Postlethwait, 1978; 
Steiner, Koller-Wiesinger and Nothiger, 1981). Moreover, the same applies to the 
twenty-four /{7/ts726;bx* pbx* metathoracic leg duplications analyzed here. Hence the 
/{1)ts726 system is reliable in generating duplication phenotypes without additional 


transformations. 


The role of d/thorax and postb/thorex in determination during normal development 

One of the main purposes of the work presented here is to assess the role of 
bLithorax mutants in determination. This is achieved by looking at the heritability of the 
determined state in bx—-transformed cells when they participate in forming duplications. 

The S/thorax mutants transform the anterior metathoracic leg into anterior 
mesothoracic leg. Gene dosage studies suggested that the bx and pbx mutants represent 
a loss of gene function (Lewis, 1963). The transformation could be the result of 
defective embryonic or imaginal positional information leading to failure in the activation 
of a selector gene in the anterior metathorax. According to this idea, bx* acts as an 
activator gene for a selector gene for the establishment of the anterior metathoracic 
compartment. A second possibility is that 5x mutants cannot maintain the metathoracic 
state activated by the embryonic field, and hence 5x’ is itself a selector gene for the 
anterior metathoracic compartment. A third possibility is that bx mutants cannot interpret 
(i.e. express) their anterior metathoracic determined state at differentiation. Fourthly, it 
may be that the phenotype results from all or a combination of the above possibilities. 
Failure to interpret the determined state can be distinguished from the other two 
possibilities when bx-transformed anterior cells duplicate across the compartment 
boundary. 

When bi/thorax metathoracic leg discs duplicate, the anterior duplicate 
compartments are always mesothoracic while the posterior compartments can contain 
mesothoracic, metathoracic, or a mixture of mesothoracic and metathoracic structures. 
The formation in some cases of posterior mesothoracic elements suggests that the 
bx-transformed determined state is heritable when duplication across the compartment 


occurs and therefore that bx* is important in the determination of anterior metathoracic 
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leg rather than in the interpretation or expression of the determined state in normal 
development. 

The question then is whether 6x* is involved in the establishment or maintenance 
of the anterior metathoracic determined state. Although it is at this point hard to 
distinguish these two hypotheses, two lines of evidence suggest that the latter is the 
more probable. Firstly, the anterior—posterior compartments appear to be established 
independently in the embryo before the formation of a clonally distinct metathoracic leg 
disc. If bx* were required only in the establishment of the compartment, one would 
expect 5x clones induced after this event to behave non-autonomously. The wild-type 
gene would no longer be required. Morata and Garcia—Bellido (1976) found that bx 
clones induced as late as the third instar larval stage differentiated autonomously. In 
addition, in bx* pbx transformed halteres, the number of cells and clonal growth 
parameters were found to be very similar from the earliest stages to those in the normal 
wing. These results suggest that bx* must function continuously in development to 
prevent transformation and therefore are consistent with the maintenance hypothesis. 
Secondly, phenocopies of 5x induced with ether at the cellular blastoderm stage are not 
only clonally heritable, but also dependent on the number of copies of 6x” in the 
genotype (Capdevila and Garcia—Bellido, 1978). These results were interpreted to mean 
that ether interferes with the initial activation of the 5x* gene at the blastoderm stage. 
This interpretation is also consistent with the idea that bx* is required in the maintenance 
of the metathoracic state, or in other words, maintenance of a memory of position in the 
embryonic field. 

The pbx mutant transforms posterior metathorax into posterior mesothorax. 
Hence it may be involved in the establishment, maintenance, or expression of the 
determined state. in order to find out if the pbx mutant affects any of these functions, 
pattern duplications were induced in the metathoracic leg discs (same rationale as for 6x). 
All of the 50 duplications obtained could be classified as AMT—-PMS duplicates (Table 7). 
This shows that the pbx* gene is necessary in this system for differentiation of the 
posterior metathoracic compartments. Thus, 6x* and pbx* could be considered analogous 


selector genes for anterior and posterior metathoracic compartments. 
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The function of S/thorax during pattern duplication 

The activation of 6x* and pbx” genes appears to be independent during normal 
development as each locus is compartment specific in its effects. Transformation of the 
posterior compartment in 5x duplicates implies that pbx* is not activated in these 
compartments. On the other hand, when bx*pbx* discs duplicate, the posterior 
compartment is always non-transformed and therefore pbx* must have been active. It 
follows that 5x* is involved (directly or indirectly) during pattern duplication in the 
activation of pbx* to establish the posterior metathorax state. Such an interaction 
between 6x* and pbx* genes evidently does not occur in normal development. Hence the 
involvement of 6x* in the establishment of the posterior metathoracic state is only 
revealed in pattern duplication and can therefore be considered as a latent function of 
this locus. 

Consistent with the above interpretation, it was found that the frequency of 
transformation depended upon the allelic state at the bx locus. bx** homozygotes gave 
37% transformed posterior compartments while in 6x* homozygotes 78% of all duplicate 
posterior compartments were transformed (Table 10). This is as expected if there is 
some 6x* activity threshold level above which pdx” can be switched on as 4x? is closer 


to the amorphic condition than 6x** (Lewis, 1963). 


The duplicate phenotype in relation to compartmental origin 

Although the formation of AMS-PMS duplicates of metathoracic legs strongly 
suggests that the posterior duplicates are sometimes derived from the anterior 
bx-transformed cells, there are several possible alternatives with respect to the cellular 
origin of the duplicates that may influence their phenotypes. The first possibility assumes 
strict heritability of the transformed (anterior) or non-transformed (posterior) states of 
bx cells when they enter the duplication blastema. This would imply that AMS-PMS 
duplicates are derived entirely from anterior bx-transformed cells, while AMS—PMIT and 
AMS-P(MS&MT) may be derived from both anterior and posterior 6x cells. A second 
hypothesis would be that the kind of duplicate formed is independent of the 
developmental history of cells involved, but dependent upon the allelic state of the bx 


gene alone. To distinguish between these models, a cell lineage study was done using 
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clonal analysis. Clones were induced after the establishment of the normal 
anterior—posterior boundary in the metathoracic leg, but prior to the heat-treatment used 
to initiate duplications. The clones showed that both anterior and posterior cells can 
participate in forming the duplicates, and that their compartmental commitments are lost 
during pattern duplication (Table 18). A number of earlier workers have obtained similar 
results in regenerating and duplicating wing discs (Szabad, Simpson and Nothiger, 1979), 
mesothoracic (Girton and Russell, 1980) and prothoracic legs (Abbott, Karpen and 
Schubiger, 1981) using either surgical techniques or temperature-—sensitive cel! lethal 
systems to induce the duplications. Jurgens and Gateff (1979) however reported that 
compartmental restrictions were always maintained in both the original and duplicate 
throughout the process of pattern duplication. 

In the present results, 44 of the 55 clones which originated in the anterior, and 
also labelled the posterior compartment in the duplicate, were found in duplicates 
classified as AMS-PMIVT. This suggests anterior transformed mesothoracic cells can form 
metathoracic posterior structures after entering the duplication blastema. The alternative 
hypothesis which assumes strict cell-heredity of the determined state can only be uphela 
if all 44 “clones” represent unrecognizable multiple inductions. The 21 multiple clones 
expected (see Table 22) on the basis of independent events cannot account for all 44 of 
the clones actually observed. 

In four of the nine posterior clones also marking the posterior duplicate, two 
were in AMS-PMS duplicates, and two in AMS-P(MS&MT) ones. The expected three 
multiples (see Table 23) could account for these results without assuming a change of 
state, but the results are equally well explained if posterior cells can also form both kinds 
of posterior compartment. Taken together, the clonal analysis strongly supports the 
second hypothesis, that the kind of duplicate formed is independent of the previous 
developmental history of the celis that form the duplicate but dependent upon the allele 
at the 6x locus that they carry. 

Also consistent with the above interpretation are the observations that two 
original—anterior clones and one original-posterior clone differentiated both posterior 
duplicate mesothoracic and metathoracic structures within a contiguous patch (Table 22). 


The markers outside the clones were all metathoracic. This suggests that the clonal origin 
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of mixed posterior duplicate compartments can be either anterior or posterior Original 


cells. 


Stability of determined states and determinative decisions in the b/thorax disc in 
pattern duplication 

It has been proposed that the basis for heritable maintenance of determined 
states may be positive feedback control at a series of selector gene loci. For instance, 
each selector gene product might interact with its own promotor to maintain its own 
transcription once switched on. This idea is embodied in the model suggested for the 
bithorax complex by Hayes et a/ (Hayes, Girton and Russell, 1979). In this case both bx* 
and pbx* products are assumed to be capable of feedback at a common promotor. This 
idea was devised to account for the effects of bx on pbx* activation in pattern 
duplication reported in the present work. A prediction of this model is that the decision 
between mesothorax and metathorax in the duplication blastema would depend on the 
previous compartmental status of the cells involved. 

The subsequent cell-lineage analysis reported above suggests that posterior bx 
cells which are already determined to be PIVIT can nevertheless form PMS duplicates. 
Although it may be argued that all these cases could be explained by multiple independent 
clone inductions, it is unlikely that this accounts for all the cases found since they would 
not all be expected to fall by chance into the critical PMS and P(MS&MT) classes. If 
posterior cells do indeed sometimes form PMS duplicates, this would indicate that pbx" 
can be switched from the on to the off state during pattern duplication. This is not what 
would be expected if pbx* product feeds back to maintain its own transcription as 
specified in the model of Hayes et a/. 

Instead, the decision between mesothoracic and metathoracic states seems to 
depend more on the allelic state of the 5x locus than on the previous developmental 
history of the cells involved. This suggests the hypothesis that the posterior cells may 
change their states because of an interaction with anterior, transformed AMS cells. 
Consistent with this idea, the majority of the duplicates obtained have either entirely 
transformed (18%) or entirely non-transformed (76%) posterior compartments, as 


compared to the small number with mixed structures (6%). The average number of cells 
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which contribute to the formation of the duplication blastema in this system has been 
estimated as being between 7 and 22 (Girton, 1979; Girton and Russell, 1980). From the 
clonal analysis reported here (Table 21), it is clear that after entering the duplication 
blastema the determined state of these cells is normally clonally stable. Thus, among 47 
clones labelling individual duplicate posterior compartments, 7 formed only mesothoracic 
markers, 37 formed only metathoracic markers, and only 3 formed both kinds of marker. 
If the state of determination of each cell in a duplication blastema consisting of 7 to 22 
cells were independent, we would therefore expect a frequency of 1-[(probability (all 
mesothoracic cells) + probability (all metathoracic cells)] mixed compartments. This 
frequency as estimated from the multinomial distribution is greater than 80%. This is 
significantly in excess of the 6% observed (Table 18). This result strongly indicates that a 
co-ordinate decision is made by the cells comprising a given duplication blastema. 
Whether a co-operative decision is made, or whether the cells are subjected to a 
common external influence cannot be decided from the present results. This may be 
related to other situations where co-ordinate determinative decisions are made among 
cells related by physical proximity rather than clonal origin. Thus, co-ordinate 
determinative decisions in normal development also take place in groups of cells related 
by proximity rather than by descent (Nothiger, 1972 for review). Clonal analysis has 
demonstrated that transdetermination occurs in groups of adjacent cells which switch 
simultaneously to the same determined state (Gehring, 1967). Cell lineage analysis of an 
Antennaped ia mutant has shown that the antennae to leg transformation is also made in 
cells related by proximity rather than by descent (Postlethwait and Schneiderman, 197 1). 
The only difference in the case of the present 6x duplicates, is that the co-ordinate 
decision must be made by cells which previously had different determined states. This Is 
made possible perhaps by a de-determination step taken by cells when they enter the 


duplication blastema. 


Effects of b/thorax and postb/thorex in the determination of haltere disc 
The haltere to wing transformation caused by 5x and pbx are also anterior and 
posterior compartment specific respectively in the two mutants (Garcia—Bellido and 


Santamaria, 1972; Morata and Garcia—Bellido, 1976). Adler (1978a) has published results 
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similar to the present ones, using a surgical technique on 4x and phx transformed 
halteres. He found that when cells from the transformed pbx posterior haltere 
compartment (wing) regenerated across the compartment boundary, they differentiated 
only anterior wing structures. This result is analogous to those reported above for bx 
metathoracic leg duplicates. However, the anterior 5x haltere (wing) can only regenerate 
posterior haltere structures, which is analogous to the observed behaviour of pbx leg 
duplicates reported here. Adler interpreted his results as indicating that the mechanism of 
transformation in the two mutants is different. That is, bx affects the expression of 
determined state and pbx affects cell heredity of the determined state. 

The results presented in the present work and Adler's results therefore appear to 
be in contradiction with respect to the roles of 6x and pbx loci in dorsal and ventral 
metathorax determination. The difference is probably not due to the difference in 
techniques but it may be explained if there is a quantitative difference in the amount of 
bx* activity level required, for establishment of posterior haltere and posterior third leg 
compartments in pattern duplication and regeneration. Gene dosage studies have 
demonstrated that existing 5x alleles are all hypomorphs, as their phenotypes are more 
extreme when placed over a deficiency for the locus (Lewis, 1963). 

A second hypothesis is that the difference is due to a dissimilar developmental 
function in the two discs of bx* and pbx’, perhaps because of interaction with other 
homeotic loci active within them. Consistent with this hypothesis, there exist a number of 
mutants such as Mu/ti p/e-sex-comb (Msc), and Extra-sex-comb (Scx), mutants of the 
Antennapedia complex (Kaufman, Lewis and Wakimoto, 1980), the recessive 
extra-sex-comb {esc} and Po/ycomb {Pc} which transform second and third legs into first 
leg with no homologous compartmenta!l transformation in the haltere or wing 
(Hannah-Alava, 1958; for review and description, see Lindsley and Grell, 1968, and 
Ouweneel, 1976). Therefore, these loci might possibly interact with 4x* and pbx* loci in 
the determinative decisions which establish compartments during pattern duplication. 

Adler (1978b) also studied regulative behavior in the 6x and phx mosaic discs. He 
first analyzed the regulative behavior of wild-type haltere and wing fragments to define 
regions of homology between the two discs and found that the regulative behavior is 


very similar between them. Next, he analyzed the regulative behavior of bx and pbx 
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transformed haltere discs and observed that the regulative behavior in these discs is also 
similar to that of the wild-type wing or haltere discs. In situations where a disc fragment 
contains both wing and haltere tissues, interaction between them can still occur to give 
pattern regeneration or duplication depending on the size of the fragment. However, the 
determined state of the duplicated or regenerated structures (mesothoracic or 
metathoracic) can be conserved or non-conserved, depending on the compartmental 
origin and determined state of the cells that form them. He concluded that wing and 
haltere discs not only contain homologous positional information systems, but also that 
they share the same positional information in the bx and pbx mosaic discs, and that they 
communicate in pattern regulation. This conclusion is consistent with the observation that 
in the 6x third leg disc, anterior and posterior cells can both contribute to the formation 
of the duplicate. However, it is not clear from Adier’s results if cells de-determine first 
and co-ordinately make a determinative decision as suggested above for the 


metathoracic leg disc. 


Implication of 6/thorax duplicates in the light of models involving “combinatorial 
epigenetic codes” | 

Several experimental results suggest that pattern duplication may involve a 
reiteration of normal development. Firstly, by clonal analysis it has been demonstrated 
that the number of cells initiating a mesothoracic leg duplicate may be as few as 7-22. 
This is similar to the number set aside to initiate the leg disc in the embryo in normal 
development (Nothiger, 1972; Madhaven and Schneiderman, 1977; Girton and Russell, 
1980). Secondly, clonal parameters such as cell division rate, and clone shape are also 
very similar to those found in normal legs (Girton and Russell, 1980). Finally, the 
compartment boundary is re-established in duplicates in the same location as in the 
normal appendage. 

During normal development, a number of gene loci must be switched on or off. 
Through clonal analysis and developmental studies of homeotic mutants, it has been 
suggested that each compartmentalization event may represent a sub-division of a larger 
developmental unit into two smaller ones. The activation of a selector gene to control and 


maintain each determinative decision would be necessary at each step. At the end, each 
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compartment would be characterized by a combination of activities for a number of 
selector genes (Garcia-Bellido, 1975). Kauffman's binary switch epigenetic code suggests 
a similar combinatorial scheme (Kauffman, 1973, 1975). A schematic representation of 
this kind of model is shown in Figure 21. If pattern duplication indeed involves a 
reiteration of the normal development events, then some of these developmental steps 
must be reversible. 

In the present context, the phenotypes of bx and pbx are inconsistent with their 
participation as selector genes in a simple combinatorial scheme for compartment 
development since neither mutation causes a complete transformation to mesothorax. 
Instead, the effects of bx and pbx are anterior or posterior compartment specific. In 
addition, genetic analysis has demonstrated that bx and pbx are two different loci (Lewis, 
1963). Hence, these results are all consistent with the idea that the distinction between 
anterior and posterior metathorax is made by two separate loci rather than a simple on or 
off state of one selector gene, and that these same loci also code for the distinction 
between mesothorax and metathorax. Hayes et a/ have proposed an alternative model 
that can account for the observed metathorax to mesothorax transformations involving 
single compartments rather than the whole segment, caused by the two mutants (Hayes, 
Girton and Russell, 1979). According to this model, there is no selector gene 
corresponding to A in Figure 21. 

Any model involving a combinatorial binary switch scheme for progressive disc 
determination would predict that a mutation in a selector gene which acts at a later stage 
should not affect a decision taken earlier in pattern duplication. If the mesothorax versus 
metathorax decision is encoded by a separate locus such as Ubx (gene A of Figure 21) 
rather than bx locus itself (gene B of Figure 21), one would not then expect a mutation in 
the bx locus to have any effect in the posterior compartment of the duplicate. Since bx 
has been shown here to influence determination in the posterior, it follows that the 
distinction between mesothoracic and metathoracic states must be encoded by the bx 
locus itself. This result is therefore inconsistent with the combinatorial scheme of 
determinative decisions as suggested by the model in Figure 21. It may however be 


argued that gene A in Figure 21 is Ubx, and that Ubx and 5x are pseudoalleles. 


we 


siti wy & ® +: a To ‘van ni son te rh i peonaih . 


Shae, ae ke Be aie me ie ¥ ah 


vi paid si ‘Cyn ota roe 


° ‘ hey t | " 
i a me 
ad Me preys ae vg a) ath 
saad iin 8 ay 508 f 
Sain op ascot Sn 40. Malena he Sa ean i Manat ih nt in nbd na 
2 : ; 7 : } aon mm , ub Wee j Oe 
Mf BRO e 4 me | ; m, ni ce , Ds ‘ee " Hight “) | ‘an in we) i sh hii 


wie ‘ oo alas sud a Vm pee 


i, va : eis nn ik ay si, 4 


TR a ili ees re eae ‘ty 7 yan eit G4), (de cin 
io i 


mt io hy! re \ wet fs | y hs 4 : we 7 yi delet Lhe 


2 \ 7 
: ' er a 
aa . Py PONS: . Ore , * ta ry if peel 
f pane 7 Tey my a eye ae a 
A a ts Aah i ae ut (yauen 
Mya we any arate sae ig a m 


Se le eC) ee | + ih a nl 
7 F q coy # ie a j 7 si oo Are oe a a i ii aig wiation linplaten : 
he: seid e bh " mr iy tae na Wiley : ee vy See fe ig v wihingh ave es ei elt 


‘sal seit iiss pea Sy eh feo pa eh a any 


ocd peed Feria Hh, dite at ait SL da Ta ana: wg NM ) gai ve 
ee ¥ vitor) ee mani a aber: | oosnapulin re 
eorilamnanarSin RI 


= 


Jl. @ MAW wer) WH) aa “he 
Aen. Ein Ay acini 


mug Nt ag 
Lite wale reia “ 


104 


Anterior Posterior Anterior Posterior 
mesothorax mesothorax metathorax metathorax 
00 OL 10 


selector gene B 
anterior = 0 
posterior = l 


: selector gene A 
mesothorax = 0 
metathorax = l 


Figure 21. A combinatorial scheme showing how the selector 
gene and the binary switch epigenetic code models 
(Garcia-Bellido, 1975) and=kKauffman,--1973, 1975), 
may be applied as an explanation for 
determination in the mesothorax and metathorax. 
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Consistent with the above conclusion, Morata and Kerridge (1981) have observed 
that Vbx homozygous clones induced any time before 17 hours of development 
transform anterior metathoracic to anterior mesothoracic leg and the posterior 
compartment of both mesothoracic and metathoracic legs to posterior prothoracic leg, 
while clones induced later than 17 hours cause transformation of both compartments of 
metathorax only into the corresponding mesothoracic compartments. These results are 
also inconsistent with the simple combinatorial scheme which would predict whole 
segment transformations. 

It may therefore be concluded that during normal embryonic development, the 
decision between mesothorax and metathorax is not made by means of a combinatorial 
mechanism. The distinction between the two segments appears to be controlled by two 
different loci, bx* and pbx*, which are activated independently in the metathorax. The 
observations are consistent with the alternative model (Hayes, Girton and Russell, 1979). 
But as discussed above, a prediction of this model was not borne out tn the clonal 
analysis. 

The requirement for 5x* function in the establishment of the posterior duplicate 
may perhaps be necessary since the embryonic positional field which initially activates the 
two loci must have disappeared in the imaginal disc. Hence the re-establishment of 
determined states may depend on the selector gene(s) which act as a memory of 


determinative decisions taken in the embryo. 
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